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ABSTRACT
The normal (real) modes of an Winchester type hard disk drive
were determined in the frequency range 0-2200hz. Two methods of
analysis were used in order to allow cross-correlation of the
results. Experimental modal analysis was performed using
Structural Measurement Systems' (SMS) Modal 3.0 analysis system
and the requisite experimental hardware. A finite element
analysis was also performed using MSC/NASTRAN; the NASTRAN model
was created using the PATRAN pre-processing program. In order to
alleviate the complications associated with matching the
structural mounting conditions, a free-free analysis was performed
using NASTRAN, and a light string was used to free mount the test
specimen for the experimental work. The two analyses showed a
one-to-one correspondence of modes; both showed 15 modes in the
frequency range. Deviations of the NASTRAN natural frequencies
from the experimentally determined natural frequencies ranged from
-22 percent to +11.7 percent. Of the 15 modes, 10 showed
deviation magnitudes of 10 percent or less, and 6 of the 15 were
below 5 percent. Mode shape correlation was performed solely by
observation. Errant DOFs in the experimental mode shapes made
correlation difficult for several of the modes. In particular,
the modes which showed higher frequency deviation (in excess of 10
percent) did not yield exact mode shape correlation although the
primary deflection patterns were similar.
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CHAPTER 1. Introduction
1.1 Description of Vibration Problem and its Practical
Importance
Mechanical design has evolved from the method of trial and
error to a point where many hours of engineering analysis are
often performed before the first prototype is turned out. This
evolution was prompted, in part, by the need to produce a more
competitive (lighter, stronger, cheaper, quieter) product, and
by the increase in technical complexity of the products being
produced. This change in the conventional design process was
made possible by the evolution of the digital computer. The
aerospace industry can largely be credited with driving the
computer advances, as well as the development of efficient
mathematical methods and software implementation.
Dynamic analysis is necessary to predict structural
response to real life vibratory excitations. Very low level
excitations may cause catastrophic failure if they happen to be
of a certain frequency. A well known example is the failure of
the Tacoma Narrows Bridge. A strong wind produced oscillatory
aerodynamic forces which excited a bridge resonance, causing
catastrophic failure.
In today's high-tech industrial environment, small dynamic
oscillations may cause part failure or malfunction. Another
problem in consumer, office, and industrial goods is high
operational noise levels. A properly functioning part, which
happens to be very noisy in operation, will not be accepted by
the consumer. These problems may be prevented during the design
process if the vibration response of the structure is known.
This thesis concerns the analysis of a Winchester type
computer hard disk drive. The design of a disk drive unit must
take into account both noise and structural vibration
considerations. High levels of structural vibration may cause
the loss of stored data, or physical damage to the disk or read
head. Disk drive noise is also an important consideration
because many of these units are used in office environments.
There are many different questions that can be asked
regarding the dynamic response of the disk drive unit. What
excitation frequencies are going to produce high response
vibration levels? What is the response of the structure to the
drive motor vibration? What happens in a shock loading
situation, for example if the host computer is dropped? Are
there any other system vibrations which will adversely affect the
disk drive? In order to begin to answer these questions either
an experimental, or analytical analysis must be performed. In
the pre-prototype stage, analytical analysis is the only option.
Analytical analyses might include: modal analysis to determine
the natural frequencies and associated mode shapes, or transient
response analysis to find structural response to an arbitrary
input. Once a prototype is available, the following experimental
analyses could be performed: experimental modal analysis,
transient response using a shaker to excite an instrumented test
unit, measurement of vibration levels in standard operation,
noise level measurements, etc.
Modal analysis is very often the starting point in the
analysis of the dynamic characteristics of a structure. Modal
analysis will directly answer some of the questions and it may be
used as a starting point for further analyses. The critical
frequencies (natural frequencies) and the associated mode shapes
at these frequencies are determined. It is useful to know these
frequencies because excitation of the structure at one of these
frequencies will yield the undesired result of high vibration
levels. If all of the mode shapes of a structure are known (in a
frequency range) the transient response of the structure may be
determined from a superposition of these mode shapes. This is a
secondary advantage to performing modal analysis.
In the subsequent disk drive analysis, the objective was the
determination of the resonant frequencies and associated mode
shapes. In this case, the interest in the mode shapes and
resonant frequencies of the disk drive is purely academic.
However, resonant frequency and mode shape information is useful
in addressing vibration, noise, durability, performance, and
mounting problems. Through structural modification the resonant
frequencies of the disk drive may be shifted so as not to
coincide with system excitation frequencies. Or conversely, the
excitation frequencies may be tailored such that they do not
correspond to disk drive resonances. In addition, performance
and mounting configurations may be optimized from knowledge of
the system mode shapes. In general, this information may also be
used as the corner stone of a more thorough dynamic analysis.
Experimental and analytical modal analyses were performed on
the disk drive. Experimental modal analysis requires a
significant amount of testing to determine structural response
patterns and a software package to analyze the test data.
Structural Measurement Systems' Modal 3.0 software was used for
this analysis. The primary analytical technique for modal
analysis of a complex structure is the finite element method. A
geometric preprocessor, PATRAN was used to generate the 796
element geometric model of the disk drive. PATRAN includes a
translation program by which the geometric model may be output in
formats directly usable by several different finite element
codes. The PATRAN geometric model was translated into
MSC/NASTRAN bulk data format for subsequent analysis. NASTRAN
has many analysis capabilities, one of which is modal analysis.
NASTRAN was used here to generate the mode shapes, but also has
the capability to perform transient analyses using mode
superposition .
1 . 2 Modal Approach to Vibration Analysis
The dynamic behavior of structures is often modeled by a
set of second order differential equations. System response is
related to force input by the dynamic properties of the
structure: the mass, damping and stiffness distributions.
Equation (1) is an example of such a set of equations, written
as a single matrix equation:
[M] x(t> + [CI x(t) + [Kl x(t) = f(t) [11
where [M] is the mass matrix, [C] is the damping matrix, [K] is
the stiffness matrix, x(t) is the displacement vector, and (t)
is the applied load vector- If the structure is to be modeled in
this fashion, the mass, damping and stiffness matrices must
first be determined, then the system of equations may be solved.
If the three property matrices are diagonal matrices, the
system equations are uncoupled. Assuming that these equations
are also linear, the property matrices are constant and the
forcing function is an independent function of time, the solution
to the system is straight forward. A structure modeled using
lumped parameter techniques yields a system of equations that
may be uncoupled, but most
"real"
structures cannot be
accurately modeled in this way. Therefore, more complex
solution methods are required to solve the coupled systems of
equations used in dynamic modeling.
Two solution methods are possible. One method is a direct
iterative approach to solving the coupled equations. The other
is the modal approach which allows the solution of an alternate
set of uncoupled equations. The modal approach requires more
work up front, uncoupling the equations, but it allows for a
simpler final solution process. In the long run, the modal
approach will save computation time if response to a number of
different forcing functions is required.
The modal problem is formulated in terms of a set of
generalized (modal) coordinates, q(t), rather than the physical
coordinates, x(t). The physical and generalized coordinates are
related by the modal matrix, [$], in the following fashion:
q(t> - [*]_1 x(t) or x(t> = [$] q(t> C2]
The columns of the modal matrix are the normal (principal) modes
of the system, the mode shapes. Substituting the relation of
equation (2) into equation (1) yields the system equations of
motion in terms of the generalized coordinates:
[M][$] q(t) + [CH*] q(t> + [K][*l q<t> = f<t) [31
Premultiplication of equation (3) by the transpose of the modal
matrix yields equation (4), the uncoupled modal equations of
motion :
[*lT[M][#]q<t> + r$]T[C][$]q<t) + L4]T[K][$]q(t) - [$]Tf<t> E4]
This uncoupling phenomenon is due to the orthogonality of the
modal matrix.
The modal mass, damping, and stiffness matrices, km], One],
and |ik] respectively, are defined as follows:
[md.] = [$]T[M]i:$] [si
[sc] = [$]T[C][$] [6]
[^k] = [*]T[K][$] [7]
For the modal equations of motion to be uncoupled, each of the
modal matrices must be diagonal. In general, damping is not
correctly modeled by a diagonal modal damping matrix, however,
this assumption must be made in order to uncouple the system of
equations. In formulation of the damping matrix, proportional
damping is assumed. This means that the damping matrix is
proportional to the mass and/or stiffness matrices. Under this
assumption, the modal damping matrix is guaranteed to be
diagonal, and equation (4) will be uncoupled.
The objective of the disk drive analysis has been stated to
be the determination of the modal matrix. After the modal matrix
has been determined, the vibration problem of equation (1) may
be solved in its uncoupled form, equation (4). The solution of
equation (4) is motion in terms of the generalized coordinates,
q(t). The physical motion, x(t), may be determined from the
generalized coordinates using equation (2).
1 . 3 Modal Matrix Theory
Once the structural property matrices have been defined, the
mode shapes and natural frequencies may determined using straight
forward mathematical procedures. Laplace transformation of
equation (1) (after rearranging terms) yields:
CM]s2 + [Cls + [K] X<s> = F(s) + s[M]x(t=0>
+ CM]x(t=0) + CClx(t=0> [8]
where X>(s) and F(s) are respectively, the response and forcing
function vectors in the Laplace plane. If the initial condition
vectors (displacement and velocity) are null, the system
equations of motion in the Laplace domain may be written:
[B(s>] X(s) = F(s) ; HB(s>] [M]s2 + [Cls + 1] [93
where [B(s)] is called the system matrix.
The forcing function vector and response vector may also be
related, in the Laplace domain, by the transfer function matrix,
[H(s)]. The forcing function vector premul t iplied by the
transfer function matrix yields the response vector:
[H(s>] F(s> X(s) [101
Comparison of equations (9) and (10) with the initial conditions
set to zero shows :
CH(s)] [B(s)]"1 [11]
The unforced case of equation (9) yields the homogeneous
equation :
CB(s)] X(s> = 0 [121
The solution of equation (12) is, in general, trivial. It is,
however, non-trivial for a specific set of values of the Laplace
variable, s. These values are the characteristic values
(eigenvalues) of the system. In order for equation (12) to have
a non-trivial solution, the system matrix must be singulart1'
This implies that the determinant of the system matrix is zero:
[B(s>] [13]
Equation (13) defines a characteristic equation in (s), the roots
of this equation are the system eigenvalues. Based on equation
(11) and the definition of the inverse of a matrix the transfer
function matrix may be written:
CH(s>] [B<s)]"i =
CD(s)]
[B(s)]|
[14]
where [D(s)] is the adjoint matrix (matrix of cofactors) of
[B(s)]. Because the eigenvalues of the system defined in
equation (12) are the roots of the determinant of the system
matrix, they are poles (cause singularity) of the transfer
function matrix.
* Numbers in square brackets refer to references at the end of
this thesis
Substitution of the modal matrices of equations (5,6, and 7)
into equation (4) yields:
[Mul q<t) + [sc] q(t) + Evk] q<t) = [$] f(t) [15]
The time domain modal equations of motion may be transformed into
the Laplace domain, as were the physical equations (reference
equation (8)). If the initial conditions are zero the modal
equations of motion may be written:
[Mills2 + [sc]s + [ski Q(s> [$] F(s> [16]
where Q(s) is the generalized coordinate vector in the Laplace
domain. The unforced modal problem yields a homogeneous system
with the same eigenvalues as equation (12). Generally, the modal
matrix will be scaled such that the modal mass matrix is the
identity matrix. If this is the case, the modal mass, damping,
and stiffness matrices may be defined as follows:
[Mil] = [$] [M][$] = [\I]
[sc] = [$]T[C][$] = [s 2ffk] = L\ 2r.kflk]
[sk] = [$]T[KK$] - Is cr2+(j2] = [s, 02]
[17]
[18]
[19]
The modal parameters are defined by equations (17 to 19), d^ is
the damping coefficient, C0k is the damped natural frequency, Clkis
the undamped natural frequency, and C^the damping factor (percent
critical damping). The eigen-problem may now be expressed in
equation (20), in terms of the modal parameters:
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[M]S2 + [s 2crk]s + [s ffg+wgl] 0<s) [20]
Since the modal mass, damping, and stiffness matrices are
diagonal, the eigenvalues of the system, )tk , may be determined,
from the quadratic formula, to be:
-0%. 1(uk [21]
The poles, pk , and conjugate poles, p*, of the transfer function
matrix are then given by:
Pk = ~ay + i^ , pj = -ak - io^ [22]
Figure ( 1 ) shows the pole and conjugate pole plotted on the
Laplace plane and explains the relationships between the modal
parameters .
Each unique eigenvalue has an associated eigenvector which
is the solution vector to equation (12) or (20) when the
eigenvalue is substituted for s. The eigenvector, U* , and
conjugate eigenvector, Uk , may therefore be defined by equations
(23) and (24):
[B(pk)l Xipy) - 0 * Hk = X(pk) L23]
[B(pJ>] X(p*> = 0 =>
U*
= X(p*> [24]
All other values for (s) yield a trivial solution (null vector).
The eigenvectors are also called the mode shapes of the system;
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Imaginary (ioi)
Pi "
(conjugate pole)
FIGURE 1: Pole Location In the LaPlace Plane
Damping Coefficient
Damped Natural Frequency
< V fk.2+wk2 J ~ Undamped Natural Frequency
Cos p^ - Damping Factor (percent critical damping)
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they are the mode shapes that compose the modal matrix as
expressed in equation (25).
[*]
nxn Ui u2 u3 *] [25]
The transformation from equation (16) to equation (20)
requires that the modal matrix be orthogonal as well as mass
normalized. Orthogonality is satisfied if each eigenvector is
orthogonal to every other eigenvector. Mathematically this
requirement may be stated:
T
= 0 i * J [26]
Systems with symmetric system matrices necessarily yield linearly
independent orthogonal eigenvectors. In general, however, the
modal matrix will not be mass normalized as initially determined.
Premultiplying the mass matrix by the transpose of the modal
matrix, and postmultiplying by the modal matrix yields equation
(27):
[]inltCM][*]lnlt = [s Ak] [27]
where [\ A] is a general diagonal matrix. A simple matrix
multiplication, using the results of equation (27), may be used
to transform the original modal matrix into mass normalized form:
[^mass]
norm
[s VA. ]"i []inlt [28]
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1 . 4 Finite Element Method in Modal Analysis
The analytical approach using finite element analysis is a
direct approach to solving equation (12). The system matrix is
generated using the finite element method, and the resulting
eigen-problem is solved numerically. The finite element method
is used to determine the property matrices [M] , [C], and [K], and
therefore the system matrix of the structure. The structure is
modeled as an assembly of small pieces (elements), each of which
has its own geometry and material properties, and its own second
order matrix equation governing the dynamic behavior of the
element. The individual element equations are combined to form a
global equation, equation (1), from which the eigenvalue problem,
equation (12) may be defined.
In general, the global equation will have a very large
number of degrees of freedom (DOFs). The DOFs of the problem are
independent coordinates that are used to describe the motion of
the structure. There are several methods available to reduce
the number of DOFs that are used in the solution procedure- In
general, these methods eliminate certain DOFs, while not
excluding the static properties associated with those DOFs.
After the solution to the reduced problem is determined, the
motion of the eliminated DOFs is calculated from the DOFs that
were used in the solution process.
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In practice, the finite element method is applied through
use of a commercial program. There are programs available for
both mainframe and personal computers. The mainframe programs
are, of course, much more powerful with respect to problem size,
solution speed, and the advanced capabilities available. All
finite element codes, however, have the capability to generate
and numerically solve the global equations for static problems,
and most also have modal and dynamic analysis capabilities.
NASTRAN is one of the most popular and powerful of the mainframe
programs and was used exclusively for the finite element
modeling of the disk drive.
1 . 5 Experimental Modal Analysis
Experimental modal analysis may also be used to solve for
the modal matrix of a system but the approach is entirely
different from the analytical finite element method.
Experimental modal analysis requires a physical prototype to
characterize. An input force, f(t), at a single point on a
structure will produce a displacement response, x(t), at another
point on the structure:
Figure 2: Structural Time Response
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In the time domain, the input and the response are related by a
second order differential operator, h(t). Looking at the same
problem in the Laplace domain, the input, F(s), produces a
response, X(s). Where F(s) and X(s) are defined by equations
(29) and (30) .
F(s> ^ {f(t>}
X(s> CP {x(t)>
[29]
[30]
The structural vibration problem in the Laplace domain may be
illustrated by figure (3).
F(s)
Structure
H(s) X(s)
Figure 3: Structural Frequency Response
In this case, F(s) and X(s) are related by an algebraic operator,
H(s), called the transfer function.
F(s)-H(s> = X(s) [31]
This concept may be illustrated with a simple example.
Consider the cantilever beam of figure (4). The vibration of the
beam is to be characterized by the motion of the 4 points shown.
12 3 4
Figure 4: Four DOF Cantilever Beam Model
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For this four DOF beam, the relation between a force input vector
and the vibration response vector is given by the matrix
equation :
Hn<s> H12(s> H13(s) Hlq(s)
H2i<s> H22(s> H23(s) H24j(s)
H31(s> H32(s> H33(s) H3<i<s>
H4H(s) Hq2(s) Hy3(s> Hti^s) ,
'
F3(s) | f X^s) ]
F2(s) [ J X2(s)
F3(s> I
"
X3(s)
>
' > X^(s)
[32]
F^fs)
If the transfer function matrix could be determined with
ease experimentally, it could be used in experimental modal
analysis to find the modal matrix and modal frequencies. This,
however, is not the case. Therefore, in place of the transfer
function matrix, experimental modal analysis makes use of the
frequency response function matrix.
A special case of the Laplace transform is the Fourier
transform. The Laplace variable, s, is given by:
s = CT + Id) [33]
where CC is the real part, and CO the imaginary part. If the real
part is zero, the Laplace transform reduces to the Fourier
transform and the transfer function matrix becomes the frequency
response function (FRF) matrix. In terms of the FRF matrix, the
relation between the forcing function and the response of the
cantilever beam becomes:
'Hnliu) Ha2(id> Hi3(iw) H141(iu))
H21(lw) H22 (iw) H23(iuj) H2y(iu))
H31(iw) H32(iu)> H33(ico) H3<j(iu)>
H/jidoj) Hy2<lw> H43(iu>> Uqq(iu)
Fj ( 1id>
F2( iw)
F3( iw)
Xjdui)'
X2(iro)
X3(i(u>
X^du))
[34]
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The frequency response function matrix may be experimentally
determined using the Fast Fourier Transform (FFT) algorithm and
digital instrumentation. The simplest way of measuring an
element of the frequency response function matrix is as a ratio
of the FFT of a single response to the FFT of a single force
input, for example:
Xn(l<)) r~r,,
Hnm(iw) = [35]
Fm(iw)
where n is the response DOF, and m the excitation DOF.
The frequency response function matrix will be an (n x n)
matrix, where n is the number structural test DOFs. Experimental
modal analysis requires the determination of only a single row
or column of the FRF matrix. Impact testing, which was used
exclusively for the disk drive problem, uses a fixed response
DOF and varies the excitation DOF in order to obtain a row of
the FRF matrix. Conversely, random testing varies the response
DOF while exciting the structure at a fixed DOF. This yields a
single column of the FRF matrix. By measuring only (n) FRFs ,
the modal properties of the entire structure may be determined.
18
CHAPTER 2. Experimental Modal Analysis
2.1 System Requirements for Experimental Modal Analysis
The principal requirements of an experimental modal
analysis system are signal processing capability and modal
parameter estimation. Accomplishment of either of these tasks
requires both software and its host hardware. Although many
different systems (and types of systems) are available, this
discussion will be limited to the system that was used for the
disk drive analysis.
Some systems host signal processing and modal parameter
estimation software on a single dedicated piece of hardware.
The system that was used for this study consisted of a dedicated
signal processing unit ( B&K 2032 dual channel signal analyzer),
and Structural Measurement
Systems' (SMS) modal 3.0 software on
a HP 9816 host computer.
The structure was excited with a force hammer, B&K model
8202, equipped with a B&K 8200 model force transducer- This
force transducer is a piezo-electric transducer with a
compressive force limit of 5000N. Although the transducer is
good up to 10kHz, the magnitude and frequency content of the
impact force are dependent on the type of tip used for the
hammer. Rubber, plastic, and Steel tips are available. In
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general, a softer tip will provide a lower force magnitude and
frequency range and would be preferable for low frequency
measurements. The opposite would be true of a harder tip.
Structural response acceleration was measured with a
piezo-electric accelerometer (B&K model 4374). There are many
criteria that must be taken into account in accelerometer
selection. An ideal choice would have high sensitivity, wide
frequency range, and low weight. However, high sensitivity
generally implies more weight and less frequency range. For
modal testing, as long as the accelerometer will cover the
frequency range of interest, low relative weight is the most
important selection criterion. The weight of the accelerometer
should be insignificant relative to the weight of the test
specimen to prevent the accelerometer mass from altering the
dynamic properties of the structure. The accelerometer model
that was used for this modal study has a mass of only 0.65
grams. This was negligible relative to the mass of the test
structure. The accelerometer was mounted to the structure using
bee's wax, which has been shown to be an accurate mounting
method even at frequencies above 10kHz.
The excitation and response signals were amplified by
conditioning amplifiers (B&K 2626) before being fed into the
dual channel analyzer. This analyzer is a dedicated piece of
hardware which is preprogrammed with fast Fourier transform
algorithms, as well as special time domain weighting functions.
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The FRFs generated on the analyzer are transferred over a GPIB
bus to the HP 9816 computer where they can be stored for later
analysis. A schematic of the entire experimental setup is shown
in figure ( 5 ) .
2.2 Procedure for Experimental Modal Analysis
The first step of any modal test is the identification of
the structural degrees of freedom to be tested. A DOF has both
location and direction associated with it, therefore a single
point on a structure may yield up to three orthogonal
translat ional testing DOFs. Too few, or poorly chosen DOFs
should not affect the accuracy of the modal parameter estimation
but will yield poor characterization of the structure's
deflection pattern. On the other hand, too many unnecessary
DOFs will result in lengthy, inefficient testing.
The analysis program needs to know the location and the
label for each of the test points. Modal 3.0 utilizes a
Coordinates file, which includes point numbers and the points
location in rectangular, cylindrical, or spherical coordinates.
For graphical purposes only, Modal 3.0 requires a Display
Sequence file. This file determines how the test points are to
be connected by graphical line segments during display.
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Figure 5: Test Set-up for Experimental Modal Analysis t2i
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The next step is to obtain the necessary FRFs , and store
them (in digital form) on floppy disk. The type of analysis that
was performed on the disk drive was single reference impact
testing. For this type of modal test, a single response
accelerometer is fixed at a single DOF and the impact hammer is
used to provide an input force at each of the DOFs of the
structure independently. An FRF between the hammer input force
and the acceleration response is obtained for each DOF. In this
manner (n) FRFs are obtained for an (n) DOF structure.
The FRFs which were finally accepted and stored were the
average of 5 to 10 trials. The FRF averaging procedure is useful
in averaging out the effect of errant, or inconsistent FRFs. The
coherence function, which is programmed into the FFT analyzer,
was used as an indicator of whether or not the averaged FRF was
acceptable. The coherence function is a magnitude versus
frequency function which is indicative of the cause and effect
relationship of the input force and response acceleration. For
example, the coherence between hammer input force and random
noise should be close to zero (no coherence) over the entire
frequency range. However, the coherence between hammer input and
acceleration response on the structure should be close to one if
the measurement is to be accepted. Two problems with the FRF
which may be indicated by poor coherence are noise, and nonlinear
behavior. When an acceptable measurement has been obtained,
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transfer to the computer and data storage is controlled by the
Modal 3.0 software. When measurements have been stored for every
DOF the experimental work is complete.
The remaining steps are computational processes which
determine the modal parameters from the stored FRFs. The first
and most important of the analysis steps is curve fitting. The
experimentally determined FRF is a digitized representation of a
magnitude versus frequency curve and is stored on disk as a set
of magnitude, frequency data points. Frequency domain curve
fitting fits these data points to an analytical expression from
which the modal parameters may be obtained.
The important modal parameters, natural frequencies and
modal residues (see section 2.3), are obtained directly from the
curve fitting process. From the modal residue matrices, the
modal (mode shape) matrix, the objective, may be determined.
The process by which Modal 3.0 extracts mode shapes from the
residue matrices is called modal sorting. Modal 3.0 has three
mode shape scaling options that may be used in the sorting
process. The modal matrix may be scaled to modal masses, actual
displacement units, or it may be left unsealed.
24
2.3 Representation of the Transfer Function in Terms of Modal
Vectors
The purpose of this section is to define the modal residue,
to show how the residue matrix may be defined from the transfer
function or FRF matrix, and to show how the mode shape may be
determined from the residue matrix. The key to experimental
modal analysis is that the modal matrix may be accurately
estimated after determination of a single row or column of the
FRF matrix. The significance of this is that only (n) FRFs need
be determined for an (n) DOF structure, rather than all of the
(n2 ) FRFs which make up the FRF matrix.
Equation (14) shows that the transfer function matrix may
be expressed as a ratio of the adjoint of the system matrix by
the determinant of the system matrix. The adjoint of the system
matrix will have polynomial members of order (2n-l), while the
determinant of the system matrix will be a polynomial of order
(2n). Because the system poles are roots of the determinant of
the system matrix, it may be factored as shown in equation (36):
[B(s>] a (s-pi ) (s-pi ) (s-p2) (s-p2) ( s-pk > ( s-p^ ) [36]
where (a) is a constant
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A rational function (quotient of two polynomials) may be
expanded in partial fraction form about the poles of the
function.!3) If equation (36) contains no repeated roots, the
poles of the transfer function will all be first order poles,
and [H(s)] may be expressed from equations (14 and 36) as:
CH(s> 1 - z [Ak] [Ak] [37]
k=l s
~
Pk s - pk
where the numerator of the first term is the matrix of residues
corresponding to the pole, and the numerator of the second term
is the matrix of residues corresponding to the conjugate pole.
The residue of a function (f(z)), corresponding to a first order
pole (c) is given by equation ( 38 ) : f 4 J
Residue = (z - c) f(z) [38]
z=c
Similarly, the residue matrices, [Ak] and [An*], of equation (37)
may be defined by equation (39):
[Ak] = (s-pk> [D(S)]
|[B(s)]| s=pk UB(s)]|
[39]
Substituting into equation (39) from equation (36) and evaluating
equation (39) at the poles, the residue matrices may be defined
as given in equation (40):
[D(pk>]
^kJ = k-1 n n .
1=1 i-k+1 1=1
*
[D(P),)]
i-1
k-1
>z<
1=1
[40]
i=k-l
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It can now be shown that the system matrix adjoint, [D(s)],
when evaluated at a pole, is related to the mode shape
corresponding to that particular pole. From the definition of
the matrix inverse:
[B(s>] [B(s)]"i = [\I] [41]
Substituting from equation (14) for the inverse of the system
matrix into equation (41):
[B(s)][D(s)J
|[B(s)]|
" C^13 * B(s)][D<s>] - ICB(s)]| [si] [42]
The determinant of [B(s)) is, by definition of the poles of the
transfer function matrix, zero when evaluated at the poles.
Therefore, from equation (42):
[B(pJt)][D(pk>] = |[B(pk)]| L\U = [0] ;
[B(p*>][D(p*)l = |[B(p*)]| Lsll = [0] [43]
If the column vectors of [D(s)] are indicated by a lower
case (d), then from equation (43):
[B(Pjt>] dj(pk) = 0 ; [B(p*>] d3<p*) = 0 [44]
(for J = 1,2, . . n)
Comparison of equation (44) with equations (23 and 24) shows that
all of the columns of the adjoint matrix (defined for a given
pole) are proportional to the mode shape for that pole.
y
-- Mj(Pk> ? i'i = "J&tpJ) [45]
(for j = 1,2, . . . n)
where oCk and DCk are proportionality constants.
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Mass, stiffness, and damping matrices were assumed to be
symmetric, therefore the system matrix and corresponding adjoint
matrix are also symmetric. Because [D(s)] is symmetric, the rows
of [D(pk)] are also proportional to the mode shapes.
where [dA Is the jtn row of [D]
In order that both the rows and columns of [D(pk ) ] be
proportional to the mode shape, [D(pk)] must be of the form
[D(pk>] = qkukTlJk = %
Uku| ugu2
LUK "X
and
[D(p*>] = =
W W
Uk^k2 ^k2Uk2
UK.
^k^k"
[47]
[48]
where qk and qk are constants
Combining equations (47 and 48) with equation (40), and lumping
all of the constants into a single term, Qk , the residual matrix
may now be written in terms of the associated eigenvector and a
scaling constant.
[Ak] Ok K uk [V
)* *T *
Jk Uk [49]
where:
CAkl k-1 n n
ar<Pk-Pi)zI(Pk-Pi>r<Pk-Pi)
1 = 1 -k+1 i=l
caJ]
n k-1 n
v * \ * * \ * *
a2_(pk~Pi>2_<pi'pi>Z_(p>"pi>
1=1 1=1 i=k-l
[50]
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Substituting the relations of equation (49 and 50) into equation
(37) yields equation (51), which expresses the transfer function
matrix in terms of the eigenvectors, poles, and scaling
constants .
CH(s>] = f <VK
+
Qk<^k [51]
k=l s
-
Pk s
-
Pk
Given the transfer function matrix and the pole location,
the mode shape may be determined to within a scaling constant by
solving equation (51). Similarly, equation (51) could be
re-written by substituting the Fourier variable for the Laplace
variable (s=iCO). The new equation would relate the mode shapes
to the frequency response function matrix rather than the
transfer function matrix. The curve fitting process, which is
discussed in the next section, fits different representations of
equation (51) to the experimental FRF in order to determine the
pole location, pk , and the residue matrix, [Ak ] The mode shapes
are then extracted from the residue matrix as discussed in
section 2.5.
2.4 Curve Fitting
Frequency domain curve fitting is a process in which the
experimental data, the FRF, is fit to an analytical expression.
The residue and conjugate residue matrices may then be defined in
terms of the curve fit parameters. One division between
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different methods is Single Degree Of Freedom (SDOF) versus
Multiple Degree of Freedom (MDOF). SDOF methods fit each mode of
a measurement singly. They are computationally simpler and
therefore require much less solution time than the MDOF methods.
Lightly coupled modes may be curve fit using the quicker SDOF
methods, while MDOF methods must be used for closely coupled
modes. Figures (6a and 6b) show the difference between light and
heavy modal coupling. Figure (6b) shows an example of a heavily
coupled system, indicated by the close spacing (overlapping) of
the modal peaks. Figure (6a), however, shows light coupling;
each peak is well defined and spaced out from the others.
2.4.1 Peak Picking from the Quadrature Response
The simplest method of determining the residue of a lightly
coupled system does not require that a curve fit be performed on
the experimental FRF. The residue is determined by picking the
peak value of the quadrature (imaginary) response near the modal
frequency.
Figures (7a) and (7b) show the real and imaginary part of
the frequency response for a single lightly damped mode. At
resonance, the real part of the FRF is close to zero, and the
imaginary part is nearly maximum. Figure (7c) shows the
representation of a single DOF transfer function in the Laplace
domain, the transfer function is represented by the shaded
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Figure 6a: FRF with Light Damping and Coupling
Figure 6b: FRF with Heavy Damping and Coupling
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Figure. 7a: Real Component of the Frequency
Response Function
2
Figure 7b: Imaginary Component
of the Frequency Response
Function
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surface, and is sectioned along the real axis. The FRF is
represented by a dashed line along the section. At the pole
location in the Laplace plane, the real part of the transfer
function is zero valued. As the modal damping decreases, the
pole location approaches the real axis of the Laplace plane, and
the real part of the FRF at the resonant frequency approaches
zero. Because the real part of the FRF is nearly zero for
lightly damped modes, the real part of the residue is also close
to zero and the residue may be estimated from the imaginary part
of the FRF only.
An expression for a single element of the transfer function
matrix, equation (52), may be written from equation (37):
n *
h1j(s> = Aii^!
+
^iio)
[52]
k=i s
-
pk s - pk
Looking at the contribution of a single mode (the kt h mode) to
the transfer function element, equation (55) follows:
A,, ( i , j >
A*
< i , i )
<H1J<s>>k = * + * -i_ [53]
s " Pk s
"
Pk
let Ak<i,j> = aj. + a2i , then Ak(i,j> = aj
- a2i 154]
a <u s -
(al + a2*> (al - a2*> rsc;1and: (H.^^ = + LbbJ
s - (-o^+io^) s - <-o"k-lo)k>
When the real part of the LaPlace variable goes to zero, the
transfer function becomes the frequency response function and
equations (56) to (60) follow from equation (55):
(ai + a2i> (a, - a2i)
,,
(hl1(lu))k = + [56]
lu> - (-o-^+idij,) iu - (-o'k-ii^)
3 4
aiO"k + a2(a)-u>w> aiov - a2(ai-(i>,,>
Rehi1>J =
*
-2j
+ i-i S rs7i1J k ffk2 + (0^)2 ffk2 + <u-ttk)2
Im((h.,) ) =
a2g> " ai<u^V a2o-k - a^tr^,)
1J o-k2 + (u-^,2 CTk2 + (^^,2 [S8]
wLiV(ReC(hu^)
ai
<V>0"k
(0^ -J *'/ ak
[59]
Lim r . > a21111 ( \ z
- telI-c*11ij>3>J
=
"7"
[60]
,tfk>>tTk
Based on the previous discussion, it will be assumed that the
real part of the FRF is zero, and therefore the real part of the
residue, ai is also zero. The residue is therefore determined
from the magnitude of the imaginary part of the FRF, B, as shown
graphically in figure (7b). The residue and conjugate residue
for the kt h mode are therefore given by equations (61) and (62):
Ak(i,j> = a2i = okBi [61]
Ak(l,j) = - a2i = - o-kBi [f,2]
As indicated by equations (61) and (62), correct scaling of the
residues requires that both the magnitude of the imaginary
response, B, and the damping coefficient 6V are known. The peak
pick method does not determine the damping coefficient.
Therefore, if correct scaling of the residue is required, the
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damping must be determined by some other means. A method of
damping coefficient estimation is discussed at the end of section
2.4.2.
2.4.2 Circle Fitting
A second method of characterizing the FRFs fits a circle to
the data points in the Nyquist (real -versus- imaginary) plane.
Dropping the conjugate contribution to the transfer function, the
contribution of a single mode to a single element of the transfer
function matrix may be written (from equation 53):
Ak ( i , j >
(Hii(s>)k = [63]J s " Pk
Substituting an expression for [Ak] from equation (54), and
substituting for pk , equation (63) becomes:
ai + a2i
(H1(s))k = ; " [64]
Changing from the Laplace to the Fourier variable, the
contribution of the kt h mode to the i jt n element of the FRF
matrix may be written:
ai + a2l
(h
.j(i(i)))k
= ; rgci
Equations (66) and (67) follow:
aicrk + a2((j-(Dk)
Tk2 + (ar-t^l
Re((hli)k) = [66]
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a2*it ~ aiiuruir,)
Tk2 + (w-u^;
ImC<hiJ>^ =
n + , 2
C671
When plotted in the Nyquist plane, equations (66) and (67) will
form a circle with a center and diameter that can be expressed in
terms of the modal parameters (see figure 8).
Multi-Degree of Freedom (MDOF) systems show only a portion
of a circle for each mode due to the interactions between
adjacent modes. For example, the Nyquist plot of a three-DOF
system might look like figure (9). As the modes are more
distantly spaced in the frequency domain, the circles become more
clearly defined. In figure (9), the second mode would not be
accurately curve fit by a SDOF circle fit because it is not a
complete enough circle. This effect is again due to the degree
of coupling of the system; a lightly coupled system would yield
more completely defined circles, and therefore, more accurate
SDOF circle fits. The natural frequency associated with each
mode coincides with the maximum pseudo-vector on the Nyquist plot
for that mode .
The first step in the curve fitting process is to identify
the frequency range of the data points to be included in the
curve fit. The data points chosen are then fit to equation (68):
dm - A)2 + (Re - B)2 = C2 [68]
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Imaginary (io>)
a^ = tan~a(a2/ai)
SJ/ (2^)
Real <a>
t>
Figure 8: Nyquist Plot of Single DOF Frequency Response Function
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Imaginary <ia>>
Figure 9: Nyquist Plot, of 3 DOF Frequency Response Function
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The SMS Modal 3.0 procedure uses a least squares error
minimization technique to identify A, B, and C. Based on
equation (68) and figure (8), the curve fit coefficients (A,B,
and C) may be related to the modal residue and damping
coefficient i as shown in equations (69) to (71):
2ok
B - " -rj1- [70]
2ok
ak
If the damping coefficient were known a priori, the complex
residue could be determined and correctly scaled. The circle fit
method is incapable of determining the damping coefficient,
therefore determination of the scaled complex residue is not
possible. The Modal 3.0 circle fit uses the circle diameter,
which is proportional to the residue magnitude, to characterize
the imaginary part of the modal residue. If the system is
lightly damped, it has been shown that the real part of the pole,
and therefore, the real part of the residue, ai , approaches zero.
From equation (71), the limit of C as ai approaches zero is
proportional to a2 :
Li. (C) = -12-
ai - 0 ak
Therefore, the unsealed imaginary part of the residue, a2 , is set
equal to the circle diameter C, and the real part of the residue,
ai , is assumed to be zero. If the damping coefficient is
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determined by some other method, the residue, a2 , may be
correctly scaled. The Modal 3.0 algorithm will not, however,
determine the complex residue.
One method of damping estimation based on the Nyquist
representation of the FRF is given by Kennedy and Pancul 6 J . This
method is roughly equivalent to the half power band width method.
The damping coefficient is estimated as shown in equation (73):
(7
k_ 1 / at? - oh
The frequencies COi and Ute are the frequencies located at
plus/minus 90 degrees on the Nyquist circle. This method could
be used to determine damping coefficients to be manually input
into the circle fit routine.
2.4.3 Single and Multi DOF Polynomial Fits
The rational function polynomial fit fits a polynomial to
the magnitude versus frequency form of the FRF. If the system
consists of lightly coupled modes, each mode may be fit
independently with a SDOF polynomial curve fit. However, for
closely coupled modes, an MDOF polynomial fit must be used. It
is more costly (computationally) to fit a group of modes
simultaneously with the MDOF method than it would be to fit each
singly with the SDOF method. Therefore, the SDOF method is
-referable except in cases of closely coupled modes.
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The contribution of the kt b mode to an element of the
transfer function matrix may be repeated from equation (55). For
the i jt i> element of the transfer function matrix, the
contribution due to the kt h mode is given by:
CH^s))* = <ai
+ fl2l>
+
Ul ' fl2l> [74]
l<s+crk> - iu^) (<s+crk) + io^)
Equations (75 and 76) follow:
(a!+a2l) < (s+ovHiaijJ (a!-a2l) ( (s+ok >-!<!>,<)
(HHi(s))v = : + : : [7S]J k (s+crk)2 + 0^2 <s+ak)2 + 0^2
r ajs + ajov - a2wk -i
(H^s)^ = 2 ; ; *; * [7611J K L s2 + 2oks + ak2 + u^2 J
Equation (76) is a theoretical form of the transfer function. The
Modal 3.0 SDOF polyfit method fits equation (77), which is based
on equation (76), to the range of experimental FRF data points
using a least squares error minimization technique.
h>(i> =
C3sS1! Cj?+ C5 + C* + C7S + C8S2 [77]S=1(D
The first term of equation (77), in terms of constants Ci , C2 ,
C3 , C4 , and C5 , accounts for the contribution of the kt h mode to
the experimental data. This term corresponds directly to
equation (76). The last three terms account for the contribution
of modes other than the km. When choosing the curve
fit range
for an SDOF fit, the ideal choice is a range of data points which
are affected by only the km mode. In practice, this is
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impossible; there will always be at least a small effect due to
neighboring modes. The constants C6 , C7 , and C8 , (residual
function constants) are used to compensate for these nearby
modes .
After equation (77) has been fit to the experimental FRF,
the modal parameters (modal frequency and damping) are determined
by solving for the roots of the polynomial defined by the
coefficients C3 , C4 , and C5 . Partial fraction expansion is then
used to determine the components of the modal residue, ai and a2 .
The constants may be substituted back into equation (77) to
synthesize a FRF which can be compared with the experimental FRF.
This comparison gives an idea of the accuracy of the curve fit
procedure. The residual function constants are not saved for
subsequent analysis; they are used only for this comparison.
The MDOF polyfit formulation is similar to the SDOF method.
The difference is that the contributions of several modes are
estimated simultaneously. From equations (76) and (77) an MDOF
polyfit function could be written:
P+n k k m
, P+n
v~ CiS + C2 y~
h^fiai))^ = ) i - + ) <y s1
k=PY
4S ^5 1 =1
[78]
s=iw
where: p is the first mode in the frequency range, n is the
number of consecutive modes to be fit simultaneously, m is the
number of out-of-band modes to be accounted for, and d are the
out-of-band residual coefficients. A set of constants, Ci k to
C5 k , would be identified for each mode. From these sets of
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constants the modal residue could be calculated for each mode in
the frequency range. Up to 10 modes may be simultaneously fit
using the Modal 3.0 MDOF algorithm.
2.4.4 Autofitting
Every mode must be curve fit for every FRF measurement. For
an n DOF modal model with m modes in the frequency range of
interest, (n x m) modal residues must be determined. This could
be accomplished with (n x m) SDOF curve fits if the modes were
not closely coupled. If it was necessary to perform each of
these curve fits manually, it would take a very long time. Modal
3.0 uses an AUTOmatic FIT (autofit) to fit the bulk of the
measurements .
Each mode must be fit manually for a single measurement; the
remainder of the curve fits are then done using the autofit
procedure. The first step of the entire curve fit procedure is a
visual survey of a number of the FRFs. The objective of this
survey is to determine the number of modes and their nature,
lightly or heavily coupled. An initial curve fit must be
performed on each mode. This is done by choosing a frequency
range which encloses the mode or modes, and choosing a curve fit
procedure (SDOF or MDOF). This process causes the creation of an
AUTOFIT table which records the frequency band and type of curve
44
fit used for each mode. An AUTOFIT command then fits every mode
for every measurement using the frequency bands and curve fit
methods defined in the autofit table.
2.5 Residue Sorting
The last step is modal sorting. This procedure converts the
residue matrix into the modal matrix. For single reference modal
analysis, curvefitting transforms a single column or row of the
FRF matrix into a single column or row of the residue matrices,
[Ak]; k=l,2,...n. A residue matrix will exist for each pole pk ,
and each residue matrix will generate a modal vector (column of
the modal matrix). From equation (49):
[Ak] = qk ukTuk [79]
A diagonal element of the residual matrix may therefore be
defined as follows:
Ak(i,i) = qk uk(i> uk(i) [80]
and a single element of the modal vector may be defined:
uk < i > = VAk(i.i)/qk [81]
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Any diagonal element, Ak ( i , i ) , of the residual matrix may be used
as a starting point (driving point) for mode shape determination.
All of the other elements of the modal vector are defined in
terms of the driving point element. From equation (79) a general
element of the residual matrix is given in index notation by:
A general element of the mode shape is therefore given by:
Ak(j,i)
[82]
VJ> = [831
%<*.!> Ik
Using equation (83) and varying j from 1 to n, the kt h mode shape
is determined from a single column of the kt t residual matrix
[Ak].
The equations developed above hold for an impact modal test.
In order to determine the entire modal matrix a single column of
the residual matrix corresponding to each mode must be known.
The sorting of a random modal test will yield slightly different
equations, however, the procedure is analogous.
The modal matrix, in terms of the modal vectors, the mode
shapes, is given by:
[$] = [ Ul U2 TJ3 un 'n x m [84]
From equation (83) each modal vector is given by:
Uv
^k
f Ak(l,i>/ Ak(i.i>
J__ Ak(2,i)/ VA {lfi) . [85]
Vn,i>/ VAk ( 1 , 1 )
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Index n is the number of DOFs of the system, and i is the DOF at
which the system was excited.
The scaling coefficient ( qt ) is determined based on the type
of scaling desired; the scaling procedure uniquely defines the
modal matrix. Modal 3.0 allows several scaling options which are
chosen with the sort command. The most common scaling procedure
is scaling to modal masses. Reiterating equations (27 and 28),
the modal mass criterion requires that:
[*] [MH*] = IM1 [86]
Equation (86) is satisfied if the scaling constant is defined as
1
Ik %
[87]
Equation (88) is derived from equations (85) and (87), and
defines the general equation of the mass normalized mode shape:
Ak<l,i>/ ^A~7777>
Ak(2,i)/:VA^7T;
1 V"'1*' VAv<i,i> '
[88]
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3. Modal Analysis Using NASTRAN
As discussed briefly in chapter 1, the Finite Element Method
may be used to model the dynamic characteristics of complex
structures. One of the most popular commercial codes
(MSC/NASTRAN) has many dynamic analysis capabilities. The modal
analysis capability was used to determine the real modes of a
Winchester hard disk drive.
The NASTRAN program consists of several 100 thousand lines
of FORTRAN code. The user accesses the power of NASTRAN through
the user written data set. The data set is used to define the
structure, and to choose from the many analysis options available
within NASTRAN.
3 . 1 NASTRAN Data Set Structure
The data set is broken into functionally separate blocks
called "decks". The term deck has survived from the days of the
old computer systems which required computer card input.
Similarly, each line of the data deck is referred to as a "card".
The three decks are the Executive Control Deck, the Case Control
Deck, and the Bulk Data Deck. They have a prescribed order, as
referenced above, and the transition between decks is indicated
by specific cards. The data set features which are required for
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modal analysis will be described here. For further information
on NASTRAN, see the NASTRAN Handbooks published by the MacNeal
Schwendler Corporation.
3.1.1 Executive Control Deck
The first deck is the Executive Control Deck. It controls
some interactions with the host computer system, and also
controls the outline of the analysis procedure. The first card
in every Exec Deck is the ID card. This card allows for an
identifying title for the particular analysis run.
ex: ID MGThurston, Disk Drive
NASTRAN is essentially a matrix manipulating program,
consisting of many subroutines. In the early days, much of the
subroutine control was performed manually from the Exec Deck.
Now, rigid formats exist to control the entire analysis procedure
for nearly any type of problem. Therefore, instead of being
required to know all of the subroutines necessary to solve a
problem and listing them in the Exec Deck, a rigid solution
format may be chosen with a single card.
Modal analysis is performed by rigid formats SOL 3, and
SOL 29. SOL 3 is a normal modes solution format, while SOL 29
may be used for complex modes. The rigid format is indicated by
the SOL card:
ex: SOL 3 or SOL MODES
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An optional card which is recommended, especially for
beginning users, is the TIME card. This card limits the maximum
number of CPU minutes allotted to the solution process. This
prevents inefficient models from wasting large amounts of CPU
time and is also a check for data set errors which might cause
the job to run for a very long time if not aborted. The format
of the time card is:
TIME 10
where 10 is the number of CPU minutes allotted to the solution
procedure. The last card in every Exec Deck is the CEND card.
This card signifies the transition between Exec and Case Control
Decks .
3.1.2 Case Control Deck
The Case Control is used to select items from the Bulk Data
Deck by set ID, thereby defining solution subcases. If
several
different analyses falling under the same solution sequence are
required of the same structure, a large number of
the required
calculations are repetitive. The Case Control may
be used to
define multiple subcases such that the
repetitive calculations
need be made only once. For large
problems this may result in a
significant time savings.
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MSC/NASTRAN also has plot routines which may be accessed by
cards placed at the end of the Case Control deck. An external
post processing program was used in the disk drive analysis
instead of NASTRAN, therefore this feature will not be discussed.
The cards that are likely to show up in the case control
deck for a modal solution sequence are: SPC, DYNRED, METHOD, and
DISPLACEMENT. The SPC card identifies single point constraint
sets which are generally structural displacement boundary
conditions. The set IDs (SIDs) referenced on the SPC card are
from Bulk data SPC or SPC1 cards. The format is:
SPC=SID#1 ,SID#2, . . .
The DYNRED card chooses a dynamic reduction method from the Bulk
Data DYNRED cards.
DYNRED=SID
The METHOD card chooses from the real eigenvalue extraction
methods defined on Bulk Data EIGR cards.
METHOD=SID
The DISPLACEMENT card chooses the output option for displacement
output, and the set of grids for which .displacement results will
be output.
ALL
DISPL(options)=n
NONE
Three possibilities exist for the displacement grid set: all of
the grids, none of the grids, or the set (n) of grids. The (n)
set is defined on the Case Control SET card:
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ex: SET n=l THRU 10,20,30,40 THRU 60
The subcase card (SUBCASE n) is used to define the different
problem subcases. Each subcase may have one SPC, DYNRED, METHOD,
and DISPL card. If that card is not included, the subcase will
use a previously defined default if available. The TITLE and
SUBTITLE cards give titles for the solution run (they are the
same for all subcases). A LABEL card may be included within the
subcase for a unique subcase label.
3.1.3 Bulk Data Deck
The BEGIN BULK card signifies the end of the Case Control
Deck, and and the beginning of the Bulk Data Deck. The ENDDATA
card follows the Bulk Data, and is the last card in the data set.
The Bulk Data Deck contains the meat of the NASTRAN model ;
structural geometry, element and material properties, boundary
conditions, applied loads, and processing options are defined in
this deck. For modal analysis, the Bulk Data also defines
dynamic reduction techniques, eigenvalue extraction methods, and
partitioning of DOFs. These features will be discussed in detail
later .
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A special type of card found in the Bulk Data is the PARAM
card. There are a large number of different PARAM cards which
allow the request of special processing features. Three PARAM
cards which are useful for modal analysis are: COUPMASS, GRDPNT,
and AUTOSPC.
The AUTOSPC parameter is used to automatically constrain
degrees of freedom with very low or zero stiffness. A very low
stiffness term may cause i 1 1 -condi t i on i ng and therefore
inaccurate solutions, while a zero stiffness term will cause
solution failure due to matrix singularity. AUTOSPC causes these
DOFs to be searched out, and single point constraints are applied
to the offending DOFs. Care must be taken in using AUTOSPC, such
a low stiffness may indicate a modeling error which should be
corrected. The AUTOSPC feature may be turned on by the following
card :
PARAM , AUTOSPC , YES
The COUPMASS parameter may be used to create coupled element
mass matrices. The default option creates diagonal (lumped) mass
matrices by lumping the element mass evenly at the element grid
points. COUPMASS creates a much more realistic mass distribution
resulting in non-diagonal mass matrices which couple the grid
points of the element. The COUPMASS option is invoked by the
following card:
PARAM, COUPMASS,!
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The effect of using COUPMASS is a more accurate solution, but at
a higher computer time cost. The cost will be particularly
higher if the generalized dynamic reduction method is also used.
The third parameter, GRDPNT, may be used to invoke the grid
point weight generator. The GRDPNT card is applied as follows:
PARAM , GRDPNT , n (n >= 0)
where n is the number of the grid point to be used as a reference
point. If n is zero, or an undefined grid point, the basic
(global) coordinate system is used as the reference. The
following information will be calculated: the rigid body mass
matrix, the transformation matrix from basic coordinates to
principal mass axes, mass and center of gravity relative to the
mass axes, the inertia matrix about the center of gravity
(relative to the principal mass axes), the same inertia matrix
(relative to the principal inertia axes), and the transformation
matrix from principal mass to principal inertia axes.
3.2 NASTRAN Model Building Blocks
The geometric model is the most important part of the data
set. The challenge is to accurately represent the properties of
a continuous physical structure with a combination of finite
elements. The elements are the most important model building
blocks, however all elements are built around grids (the most
basic building blocks).
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3.2.1 Grid Points
A grid point in NASTRAN is a point in space with 6
independent degrees of freedom; 3 orthogonal translational and 3
orthogonal rotational DOFs. The only property of a grid is its
location in space. In order for that location to be defined a
coordinate system must first be defined.
The NASTRAN default coordinate system is the rectangular
Basic Coordinate System. A grid point is located in the Basic
Coordinate System by its X, Y, and Z coordinates. Alternate
coordinate systems may be defined relative to the Basic System.
Rectangular systems are defined using the C0RD1R or CORD2R cards.
Similarly, cylindrical systems may be defined with the C0RD1C or
C0RD2C cards, and spherical systems with CORDIS or C0RD2S. The
two different card formats for each type of coordinate system
allow different methods of definition. Each coordinate system
has a unique CID (coordinate system ID), and each coordinate
system is defined relative to a uniquely defined system which
trees back to the Basic System (Basic CID=0).
Grid points are defined with the GRID card (see A-l)*. Each
grid has a unique GID (grid ID) which is defined on the grid
card. In addition to the GID, the following information is
required on the GRID card: CID of defining coordinate system,
* A-l refers to page 1 of Appendix A located at the end of this
tresis
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three coordinates to define the grid location, CID for grid
displacement output, and any permanent grid point constraints.
3.2.2 Grid Point Constraints
Grid DOFs may have to be constrained for several reasons,
one reason being the physical constraint of the structure.
Structural boundary conditions arise due to physical mounting or
symmetric simplification of a structure. A second factor which
may necessitate the constraint of a DOF is the characteristic of
an element which is connected to the DOF. Some elements have no
stiffness associated with certain DOFs, they will not support a
load which acts on that DOF. If these DOFs are not constrained a
singular stiffness matrix will result. A third reason for DOF
constraint is problem simplification. The dimensions of a
problem may be reduced by constraining a certain DOF (or DOF set)
at all of the grid points of the structure. A one or two
dimensional model may often be used as an accurate estimation of
a structure's properties. :
There are many ways to constrain a DOF, a single point
constraint method constrains a DOF relative to the Basic
Coordinate System. The following Bulk Data cards may be used for
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single point constraint: SPC, SPC1, GRDSET, GRID, and
PARAM, AUTOSPC. The AUTOSPC method has already been discussed,
and is an after the fact safety measure in case one of the other
methods was mistakenly omitted.
The GRDSET card is used for eliminating a single DOF (or DOF
set) from all grids at the same time. This is useful in reducing
the dimensions of the problem. The DOFs of a grid may also be
eliminated using the eighth field of the GRID card. If one of
these two methods are used, the constraint forces will not be
output .
The SPC card (see A-2) may be used to enforce a fixed
displacement, or to enforce zero displacement for up to 12 DOFs
(the DOFs of two grid points). The SPC1 card (see A-3) can
enforce zero displacement of a DOF set for many grid points. The
SPC, and SPC1 constraints have a SPC ID (SID) which must be
referenced on a SPC card in the case control. Constraint forces
are calculated for both of these constraint methods.
3.2.3 Elements :
In finite elements, an element is a matrix equation which
defines the connectivity of grid points and approximates the
behavior of a geometric element. NASTRAN has three primary
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families of elements: line elements, surface elements, and solid
elements. In addition to the three main families, there are some
additional specialty elements.
3.2.3.1 Line Elements
The family of line elements includes: rod, conrod, tube,
bar, beam, and bend elements. The rod and conrod elements are
pin ended elements with axial and torsional stiffness only.
Their properties are constant over the length of the element.
The tube is a rod element with the provision for a tubular cross
section. The bend element may be used to represent a curved
section of pipe, or a curved beam of arbitrary cross section.
This element has extensional, bending, and torsional stiffness,
and shear flexibility in two directions.
The Beam element is a sophisticated element which includes
most of the advanced capabilities of beam analysis: variable
cross section, offset shear center, torsional and transverse
shear stiffness variations with warping, offset non-structural
mass axis, and distributed torsional mass moment of inertia. The
bar element is a simplification of the beam element for basic
applications. The limitations of the bar element are as follows:
element properties are constant over the element length, the
shear center coincides with the neutral axis, and torsional
stiffening due to warping is neglected.
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The bar element was used in modeling the disk drive and will
therefore be described in detail. The bar element is defined
with the CBAR card (see A-4). Each element of the NASTRAN model
has a unique EID (element ID number), and an associated property
card (PBAR for the bar element). The PBAR card has a unique PID
(property ID), which may be referenced on any number of bar
elements .
The following input is required in order to describe the
geometric characteristics of the bar element. GA and GB are the
grids that define the bar end points. The vector V, must be
identified in order to differentiate between planes 1 and 2 of
the element (see figure 10). This is done by specifying one
point on a vector through point A, and non colinear with AB. PA
and PB are pin flags used for disconnecting the bar from the
indicated DOFs at ends A and B respectively. Using WA and WB
vectors, the neutral axis of the bar may be offset from grids GA
and GB . This is particularly useful for attaching ribs to a
surface or solid element, the bar may use the grids of the
surface (or solid) element, and have an offset neutral axis.
The structural properties of the bar are defined on the PBAR
card (see A-6). The following element property input is
required: material property ID number (MID), the cross sectional
i.rea (A), the area moments of inertia (II, 12, 112 defined per
figure 10), the torsional moment of inertia (J), and the
non-structural mass per unit length (NSM). Stresses are computed
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Figure 10: Bar Element Coordinate System Definition l?J
GO
at each end of the bar, and the stress recovery coefficients
allow the user to define at which point on the cross section
stresses will be calculated.
3.2.3.2 Surface Elements
The family of surface elements includes the following
elements: quad4 , quad8 , tria3, tria6 , and shear. The shear
element, as implied by its name, is primarily a planar shear
bearing element. It supports planar shear stresses, and
extensional force between adjacent grid points. For this reason
it is not a general purpose shell element, it is used primarily
in the analysis of thin reinforced plates or shells. In this
application the reinforcing element takes the bending and
extensional load, and the shear element takes the in-plane shear.
The other four elements are general purpose elements for
membrane, plate and shell analyses. The quad4 and tria3 elements
have only corner grids, while the quad8 and tria6 have both
corner and mid-side grids (see figure 11). In general, the quad
elements have better accuracy than the tria elements. The main
problem with the tria elements, particularly the tria3, is that
they give poor results for membrane problems. This is due to
excessive stiffness in that deformation mode. Their primary
purpose is for filling in voids left between quad elements due to
irregular part geometries.
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NAffl Shape
No. of
Grid Points
"
v
Connected
Components' ' Applications
SURFACE ELEMENTS
4
/s 3
0UAD4 L
1
\
2
V3
4 T.R Membrane; plate; shell.
0UAD8 c
1 5
3
2
8(3) T.R Membrane; plate; shell.
TRIA3 A\ 3 T.R Membrane; plate; shell;prefer QUAD4 wnen practical.
i 2
3
TRIA6
2
7N 3
6<3) T.R Membrane; plate; shell;
prefer QUAD8 when practical.
SHEAR / \ 4 T
A
Shear panel; thin reinforced
shell.
i 2
(1) T translatlonal components of motion; R rotational components of motion
(3) Any or all edge points may be deleted.
Figure 11: Surface Element Table li
<o2
The quad8 element will yield better results than the quad4
for most problems, at nearly the same cost. For flat membranes,
plates, and singly curved shells (i.e. cylinders) the quad8 has
better accuracy, however for doubly curved surfaces (spheres) the
quad4 is preferable.
The quad4 was used almost exclusively for modeling the
computer disk drive. The NASTRAN Static Handbook has the
following assessment of the quad4 element:
The quad4 behaves well when its shape is irregular- There
is no aspect ratio limit. Good results have been obtained
with skew angles up to 45 degrees. The corner points are
not required to lie in the same plane. (9 J
The Data Deck card for the quad4 is the CQUAD4 card (see A-7).
Required input on the CQUAD4 card is: EID, PID, the four grid
points, the material orientation angle, and the thicknesses of
the element at the grid points (if it varies). The property card
for all of the quad and tria elements is the PSHELL card (see
A-9 ) . There are four surface element analysis options which may
be turned on or off with the PSHELL card. Membrane effects,
bending effects, transverse shear, and membrane/bending coupling
are controlled by the MIDI, MID2 , MID3, and MID4 fields
respectively. The option will be turned on if a material ID
(MID) is entered in the appropriate field. If the element's
cross section is symmetric (i.e. constant thickness) then %1ID4
should be left blank, dropping membrane/bending coupling. For
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best accuracy, all of the other fields should be used. However,
if the material has uniform properties in the thickness
direction, the first three fields should use the same material
ID. Also, in that case, the 12I/T' and TS/T fields may be left
blank .
The tria3 element was also used in modeling the disk drive,
primarily to fill in gaps. The CTRIA3 card is the Bulk Data card
for the tria3 element (see A-ll). The data required for the
CTRIA3 card is directly analogous to the CQUAD4, and the two
elements (if the same material and thickness) can use the same
PSHELL card.
3.2.3.3 Solid Elements
The third family of elements is the solid element family.
The five solid elements (hexa, penta, tetra, hex20, and triax6)
are shown in figure ( 12) . No solid elements were used in
modeling the disk drive, therefore they will be covered very
briefly .
The hexa and penta are the best general purpose solid
elements, they can even be used as
"near"
shell elements with
good accuracy. The element property card which is used for these
two is the PSOLID card. The hex20 is similar to the hexa, but
isn't as useful for general purpose problems. The primary
applications of the hex20 element are for crack-tip elements in
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Name
SOLID ELEMENTS
HEXA
PENTA
TETRA
HEX20
TRIMS
Shape
8 19
8 19
13
V
No. of
Grid Points
20 3)
Connected
Components '
15 (3)
20 3)
V
Applications
Solid; thick shell.
Solid; thick shell;
prefer HEXA when practical.
Solid; prefer HEXA or PENTA
when practical.
Solid, crack tip element;
prefer for nearly Incom
pressible material s;
Isotropic material only;
prefer HEXA for thick shells.
Solid of Revolution with
axi symmetric loading;
including orthotropic material.
(1) T translatlonal components of motion; R - rotational components of motion
(3) Any or all edge points may be deleted.
Figure 12: Solid Element Table t*
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fracture mechanics, or for very incompressible materials
(poissons ratio approaching 0.5). The tetra solid element
functions as the tria elements in plate/shell problems. It is a
four grid, constant strain element which is used primarily to
fill voids left between hexa and penta elements. The triax6
element models a solid of revolution using six grid points at a
single cross section. This element is only good for problems
with axisymmetric loading. For non-axisymmetric loading hexa or
penta elements would have to be used.
3.2.3.4 Special Elements
The CONM2, RBE2 and RBE3 elements were used in modeling the
disk drive. The CONM2 element was used to model the mass and
inertia of rigid parts of the system, while the RBE3 element was
used to distribute the effects of that mass and inertia to
several grid points. "The RBE2 element defines a rigid body
whose independent degrees of freedom are specified at a single
grid point, and whose dependent degrees of freedom are specified
at an arbitrary number of grid points."! n]
The CONM2 element allows mass and inertia to be applied at a
grid point. This allows the properties of a rigid part of the
structure to be added to the dynamics of the overall structure
without a large amount of modeling. The C0NM2 card (see A-l 2)
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requires the following input: unique EID, GID that mass is
applied to, coordinate ID for center of gravity input, center of
gravity offset from GID, and mass and inertia terms.
The RBE3 element defines a constraint relation in which the
motion at a single dependent grid point is the least square
weighted average of the motions at a set of other independent
grid points. The main use of the RBE3 is to distribute loads,
masses, and inertias from a single grid point to a collection of
grid points. The RBE3 card (see A-14) requires the following
input: EID, the ID of the dependent grid (REFGRID), the DOFs of
REFGRID which are to have their values computed (REFC), and the
grid IDs, DOFs, and weighting factors for the independent grids.
The RBE2 card defines a constraint relation in which the
motion of a dependent set of grid points is equivalent to the
motion of a single independent grid point. One use of the RBE2
element is connection of an elastic structure to a single grid
point of a rigid structure. The RBE2 card (see A-16) requires
the following input: EID, the ID and DOFs of the independent
grid, and the IDs of the dependent grids.
3.2.4 Material Properties
Element property cards define the structural eharartpristi.es
of elements. The properties of the material, of which Ihe
elements are composed, are defined on '1AT cards. Each element
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property card references a MAT card by material ID (MID). The
element mass matrices depend on the material density which is
defined here, the element damping matrices depend on the
structural damping coefficient, and the element stiffness
matrices depend on the elastic moduli.
Five material types are available with NASTRAN: isotropic
material, two-dimensional anisotropic material, axi symmetric
solid orthotropic material, and three-dimensional anisotropic
material. The material types are defined with the MAT1 , MAT2 ,
MAT3 , MATS, and MAT9 cards respectively. The difference between
the different material types is the complexity of the definition
of the elastic moduli. Any of the material properties defined on
the material card may be made into functions of temperature using
the MATTi cards (where "i" is the trailing integer from the
associated MAT card).
All of the materials used in modeling the computer disk
drive were assumed to be isotropic. Therefore, the only material
card that was used is the MAT1 card (see A-17). For an isotropic
material, the properties do not vary in any direction. Assuming
no temperature dependence, the shear moduli are constant. The
MAT1 card requires input of 2 of the following properties:
modulus of elasticity (E), poissons ratio (V), and the shear
modulus (G). The third property is calculated from the following
formula :
G = E/2<l+u> L84J
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For line elements, E is used as the modulus for extension and
bending, and G is used as the modulus for torsion and transverse
shear .
In addition to the material properties listed above, the
following input is required for the MAT1 card: a unique MID,
material mass density, thermal expansion coefficient, thermal
expansion reference temperature, structural element damping
coefficient, tension, compression, and shear stress Jimits (for
factor of safety calculation), and material coordinate system ID
( if required ) .
3.3 NASTRAN Model Generation
A NASTRAN model can be generated piece by piece using the
bulk data cards defined in the last chapter- For very simple
models which can be easily sketched out by hand this is
practical. As the number of grids and elements increases this
becomes increasingly more difficult. Keeping track of grid IDs,
element IDs, element, attachment, and other important parameters
becomes very cumbersome .
There are many programs available which offer simplified
model creation (pre-processing), and analysis of results
(post-processing). MSC/NASTRAN offers a pre-processing program,
MSG MESH, which is integrated into the NASTRAN data set. This
program allows systematic model creation by regions, but still
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requires considerable user bookkeeping for large models. There
is a large family of convenient computer graphic based
post-processors, one of these programs (PATRAN-G) was used to
simplify modeling of the disk drive.
PATRAN-G is a real-time graphic pre and post -processor . A
geometric model is created through a set of interactive commands
and graphically displayed for the user. The geometric model has
geometric entities which are analogous to the NASTRAN grids and
elements: nodes correspond to grids, lines to line elements,
patches to surfaces, and hyperpatches to solids. Once the
geometry is satisfactorily defined, the geometric entities are
transformed into elements. PATRAN also allows the definition of
loading cases, SPC cases, element properties, and material
properties. Nearly any standard bulk data element may be
produced. It is also fairly easy to make after the fact changes
to the geometry of the structure.
After the model is completed using PATRAN, a translator-
program is used to convert the binary PATRAN database into a
NASTRAN Bulk Data file. The Bulk Data cards which could not be
created by PATRAN may then be manually inserted into the Bulk
Data Deck. The Executive and Case Control Decks must also be
appended to the Bulk Data.
After the NASTRAN analysis, the NASTRAN results file may be
translated into subcase files readable by PATRAN for graphic
post-processing. In this manner the results may be easily
manipulated for plotting purposes.
3.4 Modal Analysis Using NASTRAN
3.4.1 Reduction Methods .
Eigenvalue extraction is a costly solution procedure due to
the large number of required matrix manipulations. Depending on
the eigenvalue extraction method, the number of DOFs, and the
number of eigenvalues and eigenvectors desired, it may be
necessary to reduce the size of the problem. Arbitrary manual
elimination of DOFs may adversely effect the solution accuracy,
therefore systematic reduction methods have been developed.
3.4.1.1 Guyan Reduction
Guyan reduction, also known as static condensation, reduces
the degrees of freedom of the problem such that, the static
characteristics of the structure are preserved. If Xf is the
displacement vector including all of the DOFs of the original
problem, it may be partitioned into two sets: the a-set is the
set of DOFs to be used in the solution process, the o-se1 is 1 he
set of DOFs which are eliminated before the solution step and
will be recovered after the solution procedure is completed. The
original equations of motion, equation (1), may be partitioned
into a and o-sets as follows:
"af 1 ?ao JM "Caa
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The lower partitioned equation, after rearranging terms, may be
written :
K - -ck00]-uk08] xa - F T913
where: F = Fo-[M0a3Xa-[M003X0-[CO6]Xa-[Co0JXo
For static analysis, equation (91) can be substituted directly
into equation (90) to eliminate the o-set DOFs because all of the
o-set terms on the right hand side of equation (91) drop out.
However, for dynamic analysis, the time derivatives of Xo do not
drop out of the right side of equation (91). Therefore, direct
substitution does not eliminate the o-set DOFs from equation
(90). In order to get around this difficulty, NASTRAN ignores
the entire F vector yielding the following simplification of
equation (91 )[ i: j :
CG0JXa [S2]
where
tGoa3 = -[Koori[Koa] I. 93]
In this fashion, the dynamic properties of the o-set are ignored
while the static properties are maintained. The transformation
that is used to eliminate the o-set is given by:
/Xa\ I
oa
[943
Equation (94) is substituted into equation (90), reducing the
vibration problem to a-set DOFs only. After the solution of the
problem is found in terms of the a-set DOFs, the solution for the
o-set is recovered using equation (92).
As applied by NASTRAN, the Guyan reduction method requires
that the user define the a and o-sets manually. The a-set is
defined using the ASET or ASET1 bulk data cards (see A-19,20),
the remaining DOFs are put in the o-set. Guyan reduction is
automatically invoked with the inclusion of the ASET or ASET1
cards .
The accuracy of the results obtained after using Guyan
reduction depends on both the number and distribution of a-set
DOFs. The following rules of thumb are suggested for choosing
a-set DOFs:f * 3 J
(1) put points with large masses in the a-set, (2)
distribute all other a-set points uniformly over the
structure. Also, experience has shown that in plate
problems it is better to have the a-set consist of all of
the active degrees of freedom (rotations as well as
translations) at a few grid points rather than just the
translational DOFs at a larger number of grid points.
3.4.1.2 Generalized Dynamic Reduction
Generalized dynamic reduction is a more complex reduction
method which includes static condensation. In addition to static
condensation, this method uses generalized coordinates to
partially account for the inertia effects of the o-set which were
ignored in Guyan reduction when the F vector was neglected. The
f-set is again partitioned into the a and o-sets, however the
a-set does not consist entirely of physical DOFs. Instead, the
a-set consists of a set. of generalized coordinates, the q-set,
and the remainder of the physical coordinates the t-set . The
a-set is partitioned as follows:
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In general, the o-set will be larger for this method than it was
for the Guyan reduction method because the generalized
coordinates eliminate the need for as many a-set physical DOFs
The stiffness matrix for the f-set may also be partitioned:
fK,.f] =
0 10 10
0 lKct lKt:o
0 lKot!Koo
Hhl
The relation between o-set and a-set DOFs is given by:
[Goa^a rr ir i /UqlLGoq I Got] \U~(
Therefore, the f-set may now be defined:
u . /> i . ; i \ JAl r i ,
[97 3
[98]
The matrix Got is defined by a static condensation procedure
similar to the one used to find G0 a in the Guyan reduction
method. Got is given by:
CGot-> = -[K00ruKot] [99]
The matrix G0 q , however, is determined from an eigenvalue
extraction procedure applied to the DOFs in the t and o-sets.
The inverse iteration method (see 3.4.2.3) is used to estimate
the eigenvectors for the system matrix corresponding to the t and
o-set DOFs. These eigenvectors are used to compute Go q , for more
detailed information see section 4.1.2 of the NASTRAN Dynamic
Handbook .
Once Got and G0 q have been determined, equation 98 is used
to reduce the system equations from the f-set to the a-set. The
eigenvalues and eigenvectors corresponding to the a-set are
determined, and the solution for the o-set. DOFs is recovered
using the transformation of equation (98) in reverse-
Application of Generalized Dynamic Reduction in NASTRAN
requires first, the DYNRED=n card in the Case Control. This
identifies the ID of the Bulk Data DYNRED card (see A-21). The
most important parameter on the DYNRED card is FMAX (maximum
frequency for approximate eigenvalue/eigenvector calculation).
FMAX should be chosen such that all of the modes of interest are
below it. If it is chosen too low, the modes of higher frequency
will have poor accuracy. If it is chosen too high, the reduction
procedure will be computationally expensive.
The different DOF sets also must be defined in the Bulk Data
Deck. The DOFs in the q-set are scalar points, magnitude only,
and therefore must be listed on SPOINT cards (see A-22). In
addition the q-set points must be listed on QSET and ASET (or
QSET1 and ASET1 ) cards (see A-19,20 and 23,24). The DOFs in the
t-set must also be defined on ASET (ASET1) cards.
NASTRAN gives some guidelines for when to use a reduction
method. The cost of reduction methods is not justified for small
problems, they should be used only when the cost of eigenvalue
extraction is very high (>200 DOFs) nu, The NASTRAN Dynamic
Handbook also provides a chart comparing the two reduction
methods (see figure 13).
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Guyan Reduction
General ized
Dynamic Reduction
1. Accuracy of Vibration Modes Fair Excellent
2. Relative Cost Lower if only fair accuracy
of vibration modes Is
required
Loer if good to excellent
accuracy is required
3. Skill Required For Selection of A-set points Selection of DYNRED
parameters
4. labor Intensive Yes, if there in many
A-set points
No
5. Troubles Poor selection of A-set
points leads to inaccurate
modes.
Poor selection of DYNRED
parameters leads to missing
modes, erratic results, or
excessive cost.
6. Diagnostic Aids None Sturm sequence indicates
number of missing modes
7. Number of
good modes
One-fourth to one-half
the size of the a-set
Two-thirds the number of
q-set variables used.
8. Close roots No problems May lose some if N1RV is
too small.
Figure 13: Reduction Method Selection Chart lis]
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3.4.2 Eigenvalue/Eigenvector Extraction
After the dynamic reduction method is completed,
eigenvalue/eigenvector extraction may be performed on the
remaining DOFs. The analysis of the disk drive was limited to
real modes and therefore this discussion will also be limited to
real modes. Any type of system damping, viscous or structural,
will yield complex eigenvalues and eigenvectors. Therefore, for
real eigenvalue analysis the damping matrix is eliminated. Many
structures are lightly damped, and in these cases the real modes
provide a good approximation of the structure's behavior.
The homogeneous equations of motion of the undamped system
in the Laplace plane may be written from equation (9):
[Mis* + [K3 X(s) - 0 [1003
The solution of equation (100) is non-trivial when the
determinate of the system matrix is zero:
[M3s2 + [Kl [101]
The solution of equation (101) is a set of (s) values equal in
number to the DOFs of equation (100). If the solution of
equation (101) is assumed to be of the form:
;2 = -X, [102]
The resulting eigenvalue problem (from equation iOO)
is:
[Kl - Xk[M] uk = 0 [103]
where Uk is the system eigenvector corresponding to the kt h
eigenvalue. Equation (103) is the equation to be solved by the
NASTRAN eigen-extraction methods, for Ak and Uw .
3.4.2.1 Rigid Body Modes
The set of eigenvectors of a structure may include both
elastic and rigid body modes. If a structure is not totally
constrained from rigid body motion, the modal vectors obtained
from equation (103) will include one or more (zero frequency)
rigid body modes. An unconstrained structure has six linearly
independent rigid body modes. These six modes could be
represented by three mutually orthogonal translational modes, and
three mutually orthogonal rotational modes.
The presence of rigid body modes may cause degradation of
the elastic eigenvalues and/or eigenvectors which are determined
by the eigen-extraction method. If the rigid body modes are
determined before extraction of the elastic modes this problem is
eliminated. With NASTRAN this is accomplished by use of the
SUPORT card (see A-25). If a set of DOFs which are sufficient to
constrain rigid body motion are defined on this card, NASTRAN
will calculate the rigid body modes before beginning eigenvalue
extraction .
Input to the SUPORT card consists of the grid IDs and the
corresponding DOFs to be used as rigid body constraints. After
calculating the rigid body modes, the SUPORT constraints will be
removed from the problem for elastic eigen-extraction. If the
SUPORT constraints were insufficient to constrain all of the
rigid body modes, those that were unconstrained will remain in
the problem and will be extracted by the eigen-extraction method.
3.4.2.2 NASTRAN' s Real Eigenvalue Extraction Methods
NASTRAN has three available eigenvalue extraction methods:
the Givens method, modified Givens method, and the inverse power
method. The Givens and modified Givens methods are known as
transformation methods. In a transformation method the dvnamic
matrix , [K3 - Xk[M3 , is transformed without changing the system
eigenvalues/vectors , into a special form from which eigenvalues
may be more easily extracted. The inverse power method is a
tracking method. This means that eigenvalues are extracted one
at a time by iterative procedures applied to the original dynamic
matrix .
The Givens and modified Givens methods are very similar with
respect to cost and the amount of user input required. One
requirement of the Givens method is a positive definite mass
matrix. This method will fail if the mass matrix is singular.
The modified Givens method overcomes this difficulty and will
8 0
e
solve these types of problems. The Givens method, when it can b
used, is quickest for small problems. If the mass matrix is
sparse (nearly diagonal) the cost of the Givens method is roughly
half that of the modified Givens. However, if a reduction
method is used the mass matrix will become dense, and both
methods will be of comparable cost.
Both the standard and modified Givens methods will find all
of the eigenvalues of a system, it is not possible to skip over
any.l16! In addition, rigid body modes which were not removed by
a SUPORT card will not affect the eigenvalues of the elastic
modes. However, inaccurate rigid body modes will effect the
accuracy of the elastic eigenvectors due to the orthogonali zation
procedure performed on the entire modal matrix.
The standard inverse power method is less reliable than the
two transformation methods: it converges slowly, may miss
closely spaced roots, and the accuracy deteriorates with higher
roots if many roots are required. The shifting procedure
employed by the NASTRAN power method minimizes these problems.
The shifted inverse power method, however, requires more user
input and is more sensitive to the required input parameters than
the Givens methods.
The inverse method is best suited to sparse matrices,
particularly if only a few eigenvalues are desired. One
important application is the refinement of eigenvalues and
eigenvectors which have already been determined by one of the
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other methods. The inverse method should provide a more accurate
result than the other methods once the approximate location of
the eigenvalue is determined.
Figure (14) shows an extraction method selection chart based
on the analysis of a square plate with 5 DOFs per grid point (N
is the number of DOFs in the problem, E is the number of
eigenvalues required). For very large problems, the combination
of a reduction method and one of the Givens methods is preferable
to the inverse power method. However, the inverse power method
may be preferable due to better accuracy and lower cost if the
number of required eigenvalues is small. For problems with under
100 DOFs, the Givens methods are preferable.
The EIGR card (see A-26) is the Bulk Data card used to
select the extraction method. The first field is the EIGR set
ID, which must be referenced on the Case Control METHOD card.
The second field is the method to be used: INV, GIV, MGIV. For
the GIV and MGIV methods, the following input is required:
either Fl and F2 or ND , and a scaling option (MASS, MAX, or
POINT). ND is the number of eigenvectors to be calculated, while
Fl and F2 define a frequency range between which eigenvectors
will be calculated. Only one of these two eigenvector range
specification methods should be used, if both are specified ND
will take precedence. For the inverse method,
Fl and F2 indicate
the range in which to look for eigenvalues/vectors,
and NE the
number of eigenvectors that are
expected in that range. NE is
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1.000
500 -
Spill Limit for
GIV and MGIV
Figure 14: Extraction Method
Selection Chart citj
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very important, because it determines the number of shift points
to be used (see section 3.5.2.3), 1 shift point per 6 modes. If
this estimate is too low, convergence will be very slow. ND is
the number of modes to be calculated; the extraction method will
stop when it reaches ND modes. The E parameter should be left
blank because the default has been found to be sufficient in all
cases.' 16l
3.4.2.2.1 Givens Method
The first step in the Givens method is determination of the
lower triangular matrix [L] through a Cholesky decomposition of
the mass matrix:
CM] = [LKL3- [1043
At this point the method will fail if the mass matrix is not
positive definite. Equation (105) may be obtained from equation
(103) by premultiplying by the inverse of [L], and substituting
from equation (104) for [MJ:
[L3_:i[K3uk - Xk[L3_:1[L][L]Tuk = 0 [105]
Equation (105) is of the standard form
[j] - xkm [10b]
where :
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[J] = [L]~i[K3[L3~3-T
w,. [L]Tu,
[1071
[1081
The J matrix is converted into a tridiagonal matrix using a
procedure developed by Wallace Givens, and the eigenvalues are
extracted directly from the tridiagonal matrix. Eigenvectors are
determined, within the specified frequency range, by substituting
the eigenvalues back into equation (106) and solving for the w,
vector- The eigenvector is then determined from the inverse of
the transformation defined in equation (108):
uk = [U*.-ik [109]
3.4.2.2.2 Modified Givens Method
Equation (103) may be alternately written
[Kl + Xk[Ml [Kl + XaEM]
- (X+XS)[M3 uk = 0 [1103
where As is a positive number automatically selected by the
solution algorithm. The following Cholesky decomposition is
performed :
[Kl + XS[M3 =
[LJ[L1T [111]
Substituting from equation (111) into
equation (110) and
rearranging terms yields equation
(112).
8 5
-1
K + *8
-<Xk-Xa)[M3 + [Kl + XS[M3
CM] -
[L3[L3T
<xk-xs)J^h
Define w by equation 113
L1123
w - [L3Tu, E113]
Equation (114) results from substituting equation (113) into
equation (112), and premultiplying by [L]-1:
[J] - Xk[I]
Where :
[114]
[J] - [L3"i[M3[L3~i'T [1153
[1163
Equation (114) is of the same form as equation (106), and
the rest of the solution procedure is analogous to the Givens
method described in the previous section.
3.4.2.2.3 Inverse Power Method with Shifting
Given the eigenvalue problem of equation (103), let:
xo + \ [1173
where X is called the shift point. The iteration algorithm is
given by equation (118):
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[K3 - X0[M]J wn = [M] un_i [1183
A starting vector for ua . , and the shift point \0 are chosen
automatically. The shift points are selected so that only a few
nearby eigenvalues (nominally 6) are extracted from each shift
point, otherwise the convergence rate becomes very slow.
Substituting the shift point and starting vector into equation
(118) yields an initial estimate for the vector w . Equation
(118) performs max element scaling on wn (Cn=largest element of
wn ) .
w [1193
The eigenvector estimate (un) is substituted into equation (116)
as un - i , and the iteration procedure continues.
The scale factor of equation (119), 1/Cn, converges to Ai
from which the eigenvalue \i may be defined. The vector un
converges to the corresponding eigenvector. After Al and the
associated eigenvector is determined, the effect of the first
mode is eliminated from the system of equations through
modification of the dynamic matrix. The iteration then continues
until all of the eigenvalues and eigenvectors (nominally six
sets) are found for the given shift point. A new shift point is
then chosen by the program and another set of eigenvalues
determined for that shift point.
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4. Winchester Disk Drive Analysis
4.1 Disk Drive Vibration Problem Background
The disk drive which was analyzed is a Winchester type hard
disk drive. This type of drive could be used as the primary hard
drive for a personal computer, or for add on memory in an
external unit. Figure (15) shows a top view of the assembled
unit and figure (16) shows a bottom view with the bottom cover
removed. The major components are labeled in the two figures:
main housing, bottom cover, drive motor, read head support arms
and magnet. The disks were not included in the study.
In operation these drives are subject to two families of
vibration inputs. One type of input is shock loading due to
sharply moving or dropping the host unit. The second type of
input is continuous vibration transmitted from nearby sources.
System printers, the processing unit cooling fan, and the disk
drive motors are a few of the many sources of continuous
vibration. Hard drives offer much better performance than floppy
drives with respect to storage volume and retrieval speed.
However, they are much more sensitive to vibration than floppy
drives.' 19l Impacting between the read heads and disk may cause
loss of stored information, failure of a read/write procedure, or
in extreme cases permanent head or media damage.
The shock problem may be addressed by mounting the drive
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Figure 15: Assembled Disk Drive
READ ARM ASS'Y
tAAGiNET ASS'Y
BOTTOM
COVER
Figure 16." Bottom View of Disk Drive with Bottom Cover Removed
83
such that shock pulses are not fully transmitted to the drive.
Shock mounts may also be useful for isolating the drive from
continuous vibration. It is this continuous vibration, often
harmonic in nature, which may excite a structural resonance of
the disk drive assembly. Any motor operational frequencies (hard
drive motor, floppy drive motors, fan motors) will have some
first order (operating frequency) vibration due to unbalance.
The first order excitation frequency is defined by equation
(120):
.. (rpro)
treq(1st 0rder) = ^ <hz> [1203
In addition, the following higher orders of vibration (operating
speed harmonics) may be transmitted from the vibration sources:
,. n(rpm)
freq<ntn 0rder) = ^ <hz> [121]
In general, the vibration amplitude will decrease significantly
with the order, assuming a similar level of power input at each
frequency. Some possible sources of higher frequency vibration
are fan blades, and bad bearings. Rotational speeds for
Winchester type drives may be as high as 36000rpm, this operating
speed would yield the following harmonics:
f = 600, 1200, 1800, 2400, 3000, ... <hz> [1223
The first order frequency (600hz) would probably be the primary
excitation frequency due to the disk drive motor unbalance.
Ideally, the vibration signature of the rotating components
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would be known early in the design process. If this was the
case, the disk drive could be designed from the start such that
there are no structural resonances in the range of the strong
sources of excitation. In addition, the mounting configuration
could be chosen such that vibration transmission through the
mounting points is minimized.
Minimizing the relative motion between the read heads and
the disk hub is critical from a performance standpoint.
Vibration of the rest of the disk drive structure may cause high
transmitted noise levels and therefore should also be minimized.
4.2 Component Models
The disk drive was broken down into components for modeling
and model validation convenience. Item 1 is the main housing,
item 2 the bottom plate, item 3 the read arms, item 4 the motor
assembly, and item 5 is the magnet and backing plate.
4.2.1 NASTRAN Component Modeling Assumptions
The NASTRAN model for item 1 (figure 17) is composed
entirely of QUAD4 and a few TRIA3 elements. Once the
part
dimensions were measured, the modeling was straightforward (see
appendix B for the bulk data). Likewise, the item 2 model
(figure 18) is composed entirely of QUAD4 and TRIA3 elements.
91
ITS
<X1
CO
-o
o
<
X
<
9Z
C<
X
CO
<
E
(L
fc.
M
93
Although the models for items 3 and 4 required fewer grids
and elements, the modeling was not as straightforward. Special
purpose elements were required to represent rigid body mass and
inertia properties, and to join flexible and rigid parts.
Figure (19) gives a closer view of item 3, the read arms and
hub, and figure (20) shows a schematic of the final NASTRAN
model. The read arms are modeled with QUAD4 elements which
proved to be superior to BAR elements. The BAR element model was
investigated in an attempt to reduce the number of DOFs required
to model the arm. Section 4.2.2 explains the experimental
comparison which led to the selection of the QUAD4 model over the
BAR model. The hub, which is assumed to be very rigid, is
modeled with stiff bar elements. Each read arm is rigidly
supported by the hub assembly at several boundary points. This
connection is modeled by an RBE2 element, which attaches the
boundary grids of the read arm to a single grid on the hub. Due
to the characteristics of the RBE2 element the motion of the
boundary grids of the arm is computed directly from the motion of
the single hub grid.
Item 4 consists of the disk drive motor, the disk hub, and a
mounting plate (figure 21). The motor and disk hub are assumed
to be rigid, therefore their elastic deflections are ignored.
The corresponding mass, however, is a significant fraction of the
entire disk drive mass and cannot be ignored. A CONM2 element
was used to apply the mass and inertia of the two parts to
grid
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Figure 19: Item 3 (Read Arm Assembly)
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Figure 20: Item 3 NASTRAN Model
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Figure 21: Item 4 (Drive Motor)
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point 4100. The mounting plate adds stiffness to the main
housing, and the motor and disk hub mount to it. The plate is
modeled with QUAD4 elements as shown in figure (22). Grid 4100
and the CONM2 element representing the motor and hub mass are
attached to the plate using an RBE3 element. Due to the
characteristics of the RBE3 element, the motion at grid point
4100 is determined as an average of the motion of grid points
4009, 4012, 4015, and 4017. An alternate method of attaching the
C0NM2 element was also investigated; a framework of four rigid
bars (RBAR elements) was used to attach the CONM2 element. The
attachment method using the RBE3 element proved to be superior to
the set of RBAR elements as explained in the following section.
The magnet and backing plate (item 5) are shown in figure
(23). The mass of the magnets was modeled using a concentrated
mass element, CONM2 , located at their center of gravity. The
backing plate was modeled using offset bar elements (figure 24).
4.2.2 Comparison of Component Natural Frequency Results
Component model validation was performed by comparison of
the NASTRAN component natural frequency results with
experimentally determined natural frequencies. This comparison,
of course, requires that identical boundary conditions be used
for both analytical and experimental analyses. The alternate
modeling concepts discussed in the last
section for items 3 and 4
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Figure 22: Item 4 NASTRAN Model
99
^^lii^yigi iji'j , It i iMil' lifts rtM . _
Figure 23: Item 5 (Magnet and Backing Plate)
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were also evaluated in this manner.
Natural frequency surveys were made on the items using an
impact hammer and response accelerometer to generate frequency
response functions. The natural frequencies of the structures
were manually picked from the FRFs for comparison with the
natural frequencies determined from the NASTRAN component models.
For each survey, at least seven response accelerometer DOFs were
used to insure that no modes were missed. Also, for each
response DOF, a large number of input DOFs were investigated to
yield a complete survey.
The correlation of frequencies for item 1 is shown in table
(1). The NASTRAN results are from the SOL 3 solution sequence,
using: the coupled mass option, generalized dynamic reduction,
and the modified Givens extraction method. The NASTRAN model was
unconstrained, except for the rigid body SO'PORT which is applied
only during rigid body mode generation. The experimental
structure was therefore free mounted on a light string to
approximate the same free-free boundary condition. The seven
separate experimental surveys corresponding to the different
response accelerometer locations are indicated by Tl, T2 , ... T7 .
The frequency correlation is good up to 2000hz except for the
first two modes; NASTRAN results for these two modes are
significantly lower (20%) than the experimentally determined
natural frequencies. Correlation above 2000hz is difficult due
to the large number of closely spaced modes.
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The first two mode shapes of item 1 consisted primarily of
deflection in the motor mounting flange and the rest of the upper
surface of the housing. The large frequency deviation indicates
that the item ] NASTRAN model is not stiff enough in this area.
This is probably due to one of three factors: insufficient mesh
density, inaccurate connection between the upper surface and side
walls of the housing, or insufficient stiffness of the motor
mounting ring. The effect of mesh density could have been
investigated on a simple model by running several models of a
rectangular box with differing densities. The second possibility
is that the connection between the upper surface and side walls
yielded a low stiffness. This connection was simply modeled as a
"sharp"
corner, while in actuality there is a radius at the
intersection. By the nature of the QUAD4 element the corner is
not actually "sharp", there is some small radius built in due to
the element shape functions. The effect of modeling the actual
radius could be compared with the
"sharp"
corner approach through
the use of a simple rectangular box model. The third possibility
is that the motor mounting ring, modeled with thick QUAD4
elements, was insufficiently stiff. A model using 8 grid solid
HEXA elements might have provided increased ring stiffness in
bending and torsion. This theory could also be investigated with
a simple model. Comparative analysis of a washer with QUAD4 and
alternately HEXA elements forming a ring around its inner
periphery would indicate whether the
QUAD4 element was
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sufficiently accurate in this application.
At this point, refinement of the item 1 model should have
been performed using the methods indicated above. Because the
model inaccuracies were not corrected, the errors were carried
through into the rest of the component model comparisons and
ultimately into the final assembled FEA model.
The results for the assembly of item 1 and item 5 are given
in table (2). The first two modes still show about 20 percent
deviation between the NASTRAN and experimental results. The
remaining modes show good frequency correlation and also better
one to one correspondence of modes above 2000 hz.
The results of the item 1 and 2 assembly are given in table
(3). In addition to the modeling inaccuracies carried through
from item 1, two other modeling inaccuracies may contribute to
the deviations in table (3). The bolted connections between the
parts are modeled by totally rigid single point connections.
This is the simplest and quickest method of modeling this
connection, but clearly it does not exactly represent the true
physical situation. In addition, the non-linear boundary
conditions between adjacent surfaces are not accurately modeled.
Although these two factors will contribute to modeling
inaccuracies, it is not within the scope of this thesis to
account for them in the FEA model. These modeling difficulties
will be further discussed in section 4.3.2.
The mode shapes associated with modes 2, 3, 6, and 7 consist
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primarily of deflection of the motor mounting ring and upper
surface of item 1. It is therefore probable that the inaccuracy
of the item 1 model is responsible for the large negative
frequency deviations associated with these modes. The first mode
is primarily an item 2 "breathing" mode. The low NASTRAN
frequency for this mode is probably indicative of the two
problems in modeling the item 1 to item 2 connection which were
mentioned above. The remaining mode shapes are composed of
significant deflection in both items 1 and 2 and show varying
frequency deviations.
The results of the item 1 and 4 assembly are given in table
(4). Modes 1 and 2 of the assembly exhibit similar deflection
patterns to mode 1 of item 1 alone. Mode 3 of the assembly
exhibits a deflection pattern similar to mode 2 of item 1 alone.
In both cases, the experimental frequencies of the assembly are
lower, while the NASTRAN frequencies are higher than the
corresponding item 1 frequencies. This phenomenon is difficult
to explain, especially in light of the item 1 inaccuracy.
Apparently, the FEA model of item 1 was stiffened significantly
by the motor mounting plate, offsetting the increase in mass and
raising the resonant frequency. In the experimental test, the
increase in mass dominated the increase in stiffness causing a
reduction in the resonant frequencies associated with the first
two modes of item 1 . The remaining modes show good frequency
correlation .
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Table (4) also shows a comparison of the two methods used
for distributing the mass of the disk drive motor- The
experimental correlation of the frequencies obtained from the
RBAR model is comparable to the correlation of the RBE3 model
frequencies. However, the RBAR model missed some of the closely
spaced modes in the 0-2000hz frequency range which showed up in
the RBE3 model and in the experimental analysis.
Comparison of the two methods of read arm modeling is shown
in table (5). The NASTRAN results are from the SOL 3 solution
sequence using: no reduction method, and the modified Givens
extraction method. The NASTRAN QUAD4 model was rigidly
constrained with SPCs at the eleven DOFs which attach to the RBE2
element (see figure 20). In order to simulate the same arm
mounting physically for testing purposes, a single arm was
clamped between two shaped aluminum plates. The first natural
frequency of the QUAD4 model was within 2 percent of the
experimentally determined value, while the BAR element model
showed 24 percent deviation. The higher modes of the arm were
above the frequency range of interest and were not checked
experimentally .
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4.3 Modeling of Assembled Disk Drive
4.3.1 Experimental Model
The disk drive motor, and read arm assembly are free to
rotate during disk drive operation. The modes of the structure
cannot be uniquely defined, however, until the read arm unit is
locked into a fixed position. It was decided to lock the arms
such that the length of the arm is fixed in the direction of the
X axis of the main housing. The motor, being symmetric, does not
create the same problems as the read arm assembly. It was,
however, fixed from rotating in order to prevent any type of
noise interference in the FRFs. Figure (25) shows the DOFs of
the experimental model. Two coordinate systems were used to
define the structure: a cylindrical coordinate system, A, was
used for modeling the front part of the housing, and a
rectangular coordinate system, B, was used for modeling the
remainder of the structure. DOFs 1A-6A represent the motor
mounting ring, and DOFs 22A-27A are located on the upper surface
of the motor. DOFs 5,6,9, and 10 B represent the square bossed
section, while 18B-26B and 68B represent the rectangular raised
section. Finalljr, DOFs 11B-15B represent the upper cylindrical
raised section that the read arm hub mounts into, and 55B-58B are
DOFs located on the bottom cover, located around where the read
arm hub connects .
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It was impossible to instrument the read arm due to its
inaccessibility, this was a major limitation of the experimental
model. In addition, the low stiffness of the bottom cover made
it impossible to obtain clean, repeatable FRFs there with the
impact testing method. The rough motion of the read arm assembly
can be estimated by the motion of its top and bottom mounts. The
first elastic mode of the arm is toward the higher end of the
frequency range of interest, therefore the arm motion is
primarily rigid body and may be extrapolated for all but the
highest test frequencies.
4.3.2 Assembly of the NASTRAN Model
The following is a summary of the components of the NASTRAN
model: 867 grid points, 778 quad4 and tria3 elements, 10 bar
elements, 2 CONM2 elements, 2 RBE3 rigid elements, and 4 RBE2
rigid elements. The model of the assembled disk drive was formed
by joining the individual component models together at grid DOFs.
Figures (17, 18, 20,22, and 24) show the grid points that were
used for connecting the components.
The connection points all correspond to bolted joints. For
modeling purposes it was assumed that these bolted connections
could be modeled as totally rigid connections of the adjacent
grid points of the components being joined. This assumption
creates varying degrees of inaccuracy in the NASTRAN model; a
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non-rigid, distributed connection is being modeled as a rigid,
point constraint. In actuality, the bolted joint has stiffness
and the constraint is distributed over an area. Another factor
which should not be ignored is the constraint of the mating
surfaces between the bolted joints. There is no constraint on
the motion of these two surfaces, therefore physically impossible
displacements, such as the two surfaces passing through each
other, are possible within the model.
The distributed, non-rigid bolted constraint could be more
accurately modeled within the SOL 3 rigid solution format,
however it would require a great deal of time and model
complexity to do so. In this case the displacement in the
immediate neighborhood of the joint is unimportant and therefore
as long as the errors don't extend to the remainder of the
structure this approximation is acceptable.
In order to accurately model the constraint between the two
adjacent mating surfaces a nonlinear (one way) constraint would
be required. Within the NASTRAN nonlinear solution sequences it
would be possible to model this, however, the cost in terms of
solution convenience and solution time would be significant. As
with the bolted joint, the motion in the neighborhood of the
adjacent surfaces is not of interest, and therefore if the
remainder of the structure is not significantly influenced, the
model is acceptable.
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4.3.2.1 Static Check Run on Assembled NASTRAN Model
As a final check before the modal solution sequence is run,
a static check run was made to verify the assembled model. The
model was constrained at its actual mounting locations with
single point constraints and a gravity loading case was run. In
addition the grid point weight generator was invoked in order to
check the mass and mass distribution of the structure.
The static solution sequence is much less costly than the
modal solution, and therefore it is often used to find problems
in a model prior to dynamic analyses. The following are a few of
the model problems that could be found using this technique:
incorrect mass units, incorrect mass distribution, missing or
incomplete SPCs , incorrectly connected elements, and even missing
elements .
The initial gravity loading run found a problem with the
attachment of the read arms to the read arm hub, and the read arm
hub to the main housing. Through an oversight, the read arms
were not correctly attached to constrain rotation about the hub,
therefore the AUTOSPC function dropped these DOFs out of the
problem and issued a warning message. In addition, the bar
elements used to model the hub were rigidly fixed to the main
housing and bottom cover at single grid points (top and bottom)
at all DOFs. The QUAD and TRIA elements do not have rotational
stiffness about the surface normal, and therefore the AUTOSPC
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function also dropped out these DOFs. The arms were then
correctly connected to the hub, solving the first problem. The
hub was attached to the main housing at a set of grids using a
RBE3 element, and the hub was attached to the bottom cover at a
single axial DOF.
The displacement results of the gravity loading are shown in
figures (26) and (27). The deformed shape is reasonable based on
the applied constraints. The grid point weight generator output
is summarized in table (6) along with the measured values
obtained by experimentally balancing the assembled structure.
The mass and two of the C.G. values agree closely; the Xc g value
was difficult to measure accurately and had a small absolute
value yielding a high percent deviation.
4.4 Determination of the Disk Drive Modes
The assembled disk drive was analyzed in an unmounted state
to eliminate the problems associated with matching physical and
analytical boundary conditions. The assembled NASTRAN model was
therefore run with no mounting constraints and had six rigid body
modes. A SUPORT card with six DOFs indicated on it was used to
support the structure for rigid body mode calculation. The
free_free boundary condition was simulated experimentally by
supporting the structure from a light string.
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4.4.1 Experimental Modal Test Results
Three complete impact modal tests were performed with three
different response accelerometer locations. The three response
DOFs were (see figure 25): 7BZ for test DDRIVE1 , 69BX for test
DDRIVE2, and 28AR for test DDRIVE3 . The three locations were
chosen in order to take into account as many types of elastic
modes as possible. For a particular mode, at least one of the
response accelerometer locations must not coincide with a
structural anti node. If the response location does coincide
with, or lie close to an anti node, the mode will not show up or
it will yield a very poor mode shape estimate due to the weak
contribution of that particular mode to the FRF.
Single and Multi degree of freedom polynomial curvefits were
used for modal parameter estimation leading to the mode shapes.
These single reference, non-global methods, were the most
accurate methods available with the software version that was
used.
The modal parameters determined in the three tests are given
in table (7). These results show the importance of response DOF
selection; each of the tests missed
several of the modes in the
frequency range of interest. The slight shift in the
modal
frequencies between tests is probably due to structural
nonlinearities; nonlinear
stiffness and damping are two possible
causes .
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The mode shapes corresponding to the modal frequencies are
given in appendix C. Each page of appendix C shows plots of a
single mode shape. The first column consists of different views
of the mode shape from test DDRIVE1. Likewise, the second and
third columns correspond to DDRIVE2, and DDRIVE3 respectively. A
large number of the mode shapes show obviously erratic
deflections at certain DOFs. These erratic deflections are
generally due to one of three causes: The FRF is poorly defined
in the particular frequency range, a curvefit procedure was
incorrectly applied, or the structure exhibits nonlinear behavior
which is not accurately treated by non-global curve fitting
methods. Nonlinearity may be evidenced by the modal frequency
shifting that occurred with several of the modes. For most of
the modes, however, the frequency shifting was negligible.
The frequencies of the three different tests compare
closely, however, the damping ratios vary widely. The damping
estimation method used by the non-global polyfit routines is not
generally very accurate. More advanced curvefit methods will,
however, provide repeatable damping estimates. The mode shapes
that do not have many erratic DOFs show good cross correlation.
4.4.2 NASTRAN Results
The modes of the assembled model were determined for the
frequency range 0-2200hz using the data set listed in appendix B.
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The structure was unconstrained, however, a SUPORT card was used
to support the rigid body modes of the structure. The AUTOSPC
and COUPMASS parameter options were invoked, the generalized
dynamic reduction method was used to reduce the problem, and the
modified Givens method was used to extract the eigenvalues and
eigenvectors. The generalized dynamic reduction method reduced
the problem to only 30 generalized coordinates. The number of
generalized coordinates was chosen automatically be the reduction
method in order to accurately determine the 18 modes in the
0-2200hz frequency range. The natural frequencies are given in
table (8), as output by NASTRAN.
The mode shapes corresponding to the modal frequencies are
displayed graphically in appendix D. These plots include the
deformed shape of the main housing for comparison with the
experimental mode shape. Also included are the deflected shapes
of the read arms and motor mounting plate. Because the disk
drive motor and disk hub are attached to the mounting plate the
relative motion between the read head and disk can be
extrapolated .
4.^.3 Comparison of NASTRAN and Experimental Results
Table (9) shows a comparison of the modal
frequencies
determined by each of the methods. For each of
the modes, the
percent deviation of the NASTRAN frequency
from the experimental
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average frequency is calculated. Several of the modes show large
percent deviation magnitudes, in excess of 10%. Mode 1 (+11.7%)
is primarily a "breathing" mode of the bottom cover with a slight
vertical bounce mode of the motor on the housing. The motor
bounce is shown by both NASTRAN (D-l) and modal (C-l) results.
Mode 5 shows the highest percent deviation magnitude (-22%). The
NASTRAN mode shape (D-5) shows that most of the deflection is in
the motor and the motor mount area of the main housing. Both
experimental mode shapes (C-5) are very noisy and provide poor
verification of the mode shape, although they do seem to show the
same motion in the area of the motor mount. Mode 8 has a
deviation of (-12.6%); the NASTRAN mode shape (D-8) shows
torsional twisting of the main housing about the Y axis. The
experimental mode shapes (C-8) show some indication of the same
type of twisting, but again are noisy. The NASTRAN (D-9) and
experimental mode shapes (C-9) for mode 9 (-10.4%) correlate.
Although the experimental shape is noisy, it shows the same type
of motion in the region behind the motor. Both NASTRAN (D-12)
and experimental mode shapes (C-12) for mode 12 (-10.7%) show a
very similar main housing deflection pattern to mode 9. Modes 3
and 4 also show deviation magnitudes close to ten percent. The
NASTRAN shape for mode 3 (D-3) shows housing torsion about the Y
axis; the experimental plots (C-3) show the same housing torsion
as well as significant motor rocking
about the Y axis. The mode
shapes for the fourth mode are very similar to the
third mode and
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show good correlation between NASTRAN and experimental results.
The other mode shapes all show good correlation, and the modal
frequency deviation magnitudes are all below 7.9%.
4.4.4 Discussion of Modal Frequency Deviations
For twelve of the fifteen modes in the frequency range of
interest the frequency modal determined by NASTRAN was lower than
the experimentally determined frequency- The NASTRAN frequency
was significantly higher (11.7%) than the experimental average
for the first mode only.
The low FEA frequencies indicate that the model stiffness
associated with the particular modal deflection pattern is too
low, or that the associated mass/inertia is too low. Mode shape
comparison shows that, in general, the modes with the higher
percent deviation magnitudes show significant main housing
torsion, or bending or torsion in the area of the motor mounting
ring. Conversely, the modes with smaller magnitude deviations
show less main housing deflection, and less deflection in the
area of the motor mounting ring.
These observations point to previously mentioned FEA model
inaccuracies as the cause of poor frequency correlation between
the FEA and experimental models. The consistently
low NASTRAN
values indicate a lack of stiffness in the FEA
model. The major
inaccuracy in the assembled FEA model is probably
the modeling
128
inaccuracy in item 1 which was carried through into the assembled
model. As previously discussed, the item 1 component model
exhibited insufficient stiffness of the upper surface of the main
housing, particularly in the motor mounting ring. The method of
connecting items 1 and 2 and the failure to model the boundary
between the two parts may also contribute to low stiffness of
certain deflection patterns. Gross bending or torsion of the
main housing would probably not be adequately stiffened by the
bottom cover- Also, higher order deflections of the bottom cover
would probably be incorrectly constrained due to the failure to
model the nonlinear boundary between the two parts.
4 . 5 Conclus ions
The frequencies and mode shapes showed good correlation in
general. Although most of the frequency deviations were in
excess of 5 percent, there was a one to one correspondence of
modes and the mode shapes corresponded in form. If the necessary
improvements had been made to the finite element model, the
frequency and mode shape correlation would certainly have
improved. Although the inaccuracy of the item 1 component FEA
model confuses the investigation of other
potential FEA modeling
inaccuracies, it does appear that the assumption of
rigid single
point connection at bolted joints, as well as
the failure to
del the nonlinear boundary conditions,
results in noticeable
mo
129
deviations between experimental and finite element models.
Assuming that this disk drive was to operate at a motor
frequency of 600hz, there are several modes of the unconstrained
structure which might cause performance problems or high
operational noise levels. Modes 2, 3, and 4 are close to the
first order frequency of the motor (600 hz), and all of these
modes show relative motion between the disk drive motor and read
arms as well as significant housing deflection. Modes 12, and 13
are near the third order frequency of the motor (1800hz) and also
show relative motion between the read arms and drive motor. This
information could lead the disk drive designer to make design
changes to shift these frequencies, or to mount the main housing
such that it is stiffened and the frequencies are thereby
shifted.
4.6 Suggestions for Advanced Analysis
There are several advanced analysis techniques that could be
applied to this structure to improve the analysis results, or
simplify the analysis: substructuring
in both FEA and
experimental modal analysis,
poly-reference and/or global curve
fitting, and direct numerical mode shape
comparison.
Substructuring could be very usefully
applied to the disk
drive problem. Substructuring is a
technique by which: the
components of a structure may be modeled and
solved separately
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and the solution of the global structure may be retrieved from
the results of the individual component problems. NASTRAN has
both static and dynamic substructuring capabilities. In the
Literature, modal substructuring is also called component mode
synthesis. A set of modes for each component is used to model
the dynamic characteristics of that component. The modes of the
assembled structure are calculated directly from the component
modes. The component modes may include: normal modes, rigid
body modes, and constraint and/or attachment modes.'20] The
normal and rigid body modes of the component carry: elastic
behavior information, and the inertia properties of the
component. The constraint and attachment modes define the
attachment of the component to other components.
Modal 3.0 also has optional substructuring software which
can now be added to the standard Modal 3.0 analysis software.
This procedure is especially applicable to the disk drive
problem. If substructuring had been available, the read arm
assembly could have been separately tested and substructured into
the problem.
Other capabilities which SMS has recently made available
with the Modal 3.0 system are poly-reference curvef itting , and
single reference global curvef itting . Global curvef itting looks
at a set of measurements when it curve fits each
mode- This
means that true global frequency and damping can be defined, as
well as averaging out the effects of a
single bad measurement.
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Missing Page
numerical comparison procedure may then be used. KIT-MAS uses
the Modal Assurance Criterion (MAC) to numerically correlate the
mode shapes. The MAC calculates a value from 1.000-0.000 which
defines the degree of dependence/independence of the two modal
vectors using an orthogonality check.
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APPENDIX A
NASTRAN Bulk Data Card Description
Input Data Card GRID Grid Point
Description: Defines the location of a geometric grid point of the structural model, the
directions of Its displacement, and its permanent single-point constraints.
Format and Example:
1 2 3 4 5 6 7 8 9 10
GRID ID CP XI X2 X3 CD PS
GRIO 2 3 1.0 -2.0 3.0 316
Field Contents
ID
CP
X1.X2.X3
CO
PS
Grid point Identification number (1,000,000 > Integer > 0)
Identification number of coordinate system 1n which the location of the grid
point 1s defined (Integer > 0 or blank*)
Location of the grid point 1n coordinate system CP (Real)
Identification number of coordinate system 1n which displacements, degrees of
freedom, constraints, and solution vectors are defined at the grid point
(Integer > 0 or blank*)
Permanent single-point constraints associated with grid point (any of the
digits 1-6 with no imbedded blanks) (Integer > 0 or blank*)
Remarks : 1. All grid point identification numbers must be unique with respect to all. other
structural, scalar and fluid points.
Z. The meanina of XI, )2 and X3 depend on the type of coordinate system, CP, as
follows: (see C3RD1 card descriptions)
Type XI X2 X3
Rectangular
Cylindrical
Spherical
X
R
R-
Y
8(degrees)
e(degrees)
Z
Z
?(degrees)
The collection of all CD coordinate systems defined on all GRID cards 1s called
the Global Coordinate System. All degrees-of-freedom, constraints, and solu
tion vectors are expressed in the Global Coordinate System.
*See the GR0SET card for default options for fields 3, 7 and 8.
A-l
Input Data Card SPC Single-Point Constraint
Description: Defines sets of single-point constraints and enforced displacements.
Format and Example:
1 2 3 4 5 6 7 8 9 10
SPC SID G C 0 G c D
SPC 2 32 436 -2.6 5 +2.9
Field Contents
Sio Identification number of single-point constraint set (Integer > 0).
G Grid or scalar point identification number (Integer > 0).
C Component number (6 > Integer >. 0; up to six unique digits may be placed
In the field with no~imbedded blanks).
0 Value of enforced displacement for all coordinates
designated by G and C (Real).
Remarks- 1. Coordinates specified on this card form members of a mutually
exclusive set.
22221-
The/may not be specified on other cards that define mutually
exclusive sets.
2. Single-point forces of constraint are recovered during stress
data recovery.
3. Single-point constraint sets st be selected In the Case
Contrcl Oedc (SPC-SID)
to be used by NASTRAN.
4. From one to twelve single-point constraints may be
defined on a single card.
5. SPC degrees of freedom may be redundantly
specified as permanent constraints on
the GRID card.
6. Continuation cards are not allowed.
A-2
Input Data Card SPC1 Single-Point Constraint, Alternate Form
Description: Defines sets of single-point constraints.
Format and Example:
1 2 3 4 5 6 7 8 9 10
SPC1 SID C GI G2 G3 G4 G5 G6
SPC1 3 2 1 3 10 9 6 S ABC
G7 G8 G9 -etc-
+BC 2 8
Alternate Form
SPC1 SID C GID1
"THRU" GID2
SPC1 313 12456 6 THRU 32
Field Contents
SID Identification number of single-point constraint set
(Integer > 0).
r Component number (any unique combination of the digits 1-6 (with no Imbedded
blanks) when point Identification numbers are grid points;
must be null it
point identification numbers are scalar points).
G1 GID1 Grid or scalar point identification numbers
(Integer > 0).
Remarks: 1. Note that enforced displacements are npt. avail able
via this card. As many
continuation cards as desired may appear when THRU is not usee.
9 rnnnmt <.eif1ed on this card form members of a mutually exclusive
set.
2"
The?'not bTJSSfSa S her cards that define dually exclusive sets.
3. Single-point constraint sets must be
selected 1n the Case Control Deck (SPC-SID)
to be used by NASTRAN.
4. SPC degrees of freedom may be redundantly
specified as permanent constraints on
the GRID card.
e rf th. alternate form is used, points 1n the sequence GID1
thru GID2 are not
5*
rLuEJ to5st Toints which do not exist will collectively produce a warn
ing message but will otherwise be
ignored.
A-3
Input Data Card CBAR Simple Beam Element Connecti on
Description: Defines a simple beam element (BAR) of the structural model.
Format and Example:
1 2 3 4 5 6 7 8 9 10
CBAR EID PID GA GB* XI, 60 X2 X3 X
CBAR 2 39 1 3 13 1Z!
PA PR W1A W2A W3A U1R U2S W3R
?23 513
Field
EID
PID
GA.GB
X1.X2.X3
Contents
Unique element identification number (Integer > 0).
Identification number of a PBAR property card (Default is EID unless BAR0R card has
nonzero entry in field 3) (Integer > 0 or blank *).
Grid point identification numbers of connection points (Integer > 0; GA + GB).
Components of vector v, at end A, (Figure 1(a) in Section 1.3) measured at end A,
parallel to the components of the displacement coordinate system for GA, to
determine (with the vector from end A to end B) the orientation of the element
coordinate systm for the BAR element (Real, 0 or blank;* see Remark 5).
50 Grid point identification number to optionally supply XI, X2, X3 (Integer > 0 or
blank;* see Remark 5).
PA.PB P1n flags for bar ends A and B, respectively. (Up to 5 of the unique digits 1-6
anywhere in the field with no imbedded Manks; Integer > 0.) Used to remove
connections between the grid point and selected degrees of freedom of the bar. The
degrees of freedom are defined in the element's coordinate system (see Figure 1(a),
Section 1.3). The bar must have stiffness associated with the pin flag. For
example, 1f PA4 is specified, the PBAR card must have a value for J, the torsional
stiffness.
W1A.W2A.W3A Components of offset vectors wa and wb, respectively, (see Figure 3, p. 7.1-4) In
W1B.W2B.W3B displacement coordinate systems at points GA and GS, respectively (Real or blank).
*See the BAR0R card for default options for fields 3 and 6 - 8.
Remarks: 1. Element identification numbers must be uniaue with respect to all other element
identification numbers.
2. For an explanation of BAR element geometry, see Figure 3, p. 7.1-4.
3. If there are no pin flags or offsets, the continuation card may be omitted.
(Continued)
A-4
CBAR (Cant.)
4. The old CBAR card used field 9 for flag, F, which wis used to specify the nature
of fields 6 - 8 as follows:
FIELD 6 7 8
F-l
F-2
F- blank
XI
GO
X2
Blank
or 0
X3
Blank
or 0
Provided by BAR0R card.
5.
This data Item 1s no longer required but may continue to be used if desired (See
Reraart 5). If F-l in field 9, a zero (0) 1n field 6. 7, or 8 will override entries
on the BAR0R card, but a blank will not.
For the case where field 9 1s blank and not provided by the BAR0R card, 1f XI,GO Is
integer, then GO Is used; 1f XI,GO 1s blank or real, then XI, X2, X3 1s used.
A-5
Input Data Card PBAR Simple Beam Property
Description: Defines the properties of a simple beam (bar) which is used to create bar
elements via the C8AR card.
Format and Example:
1 2 3 4 5 6 7 8 9 10
PBAR PID MID A n 12 J NSM
PBAR 39 6 2.3 5.97 123
ci C2 Dl D2 El E2 Fl F2
+23 2.0 4.0
Kl K2 112
Field Contents
PID Property identification number (Integer > 0)
MID Material identification number (Integer rO)
A Area of bar cross-section (Real)
II, 12. 112 Area moments of inertia (Real) (I, >_ 0., I2 > 0., Ijl2 > I*2)
J Torsional constant (Real)
NSM Nonstructural mass per unit length (Real)
Kl, K2 Area factor for shear (Real)
Ci,Di,E1,F1 Stress recovery coefficients (Real)
Remarks: 1. For structural problems, PBAR cards may only reference MAT1 material cards.
2. See Figure 3, p. 7.1-4 for a discussion of bar element geometry.
3. For heat transfer problems, PBAR cards may only reference MAT4 or MAT5 material
cards.
4 The transverse shear stiffnesses in planes 1 and 2 are (Kl)AG and (K2)AG,
respectively. The default values for Kl and K2 are infinite; in other words,
the transverse shear flexibilities are set equal to zero. Kl and K2 are ignored
if 112 t 0.
5 The stress recovery coefficients CI and C2. etc.. are the y and z coordinates
in the BAR element coordinate system of a point at which stresses are computed.
Stresses are computed at both ends of the BAR.
A-6
Input Data Card CQUAD4 Quadrilateral Element Connection
Description: Defines a quadrilateral plate element (QUAD4) of the structural model. This 1s an
Isoparametric membrane-bending element.
Format and Example:
1 2 10
C0UAD4 EID PID Gl G2 G3 G4 e X I
CQUAD4 111 203 31 74 75 32 2.6 ABC
|XL>< Tl T2 T3 T4 xj
*BC 1.77 2.04 2.09 1.80
Field
EID
PID
G1.G2.1
G3.G4 (
6
T1.T2.1
T3.T4 f
Remarks:
Contents
Element identification number (Unique Integer > 0)
Identification number of a PSHELL or PC0MP property card (Integer > 0 or blank,
default is EID)
Grid point identification numbers of connection points (Integers > 0, all unique)
Material property orientation angle in degrees (Real). The sketch below gives the
sign convention for TH.
Membrane thickness of element at grid points Gl through G4 (Real or blank, see
PSHELL for default)
^element
"material
B + T
1. Element identification numbers must be unique with respect to aV\_ other element
identification numbers.
2. Grid points Gl through G4 must be ordered consecutively
around the perimeter of the
element.
3. All the interior angles must be less than 180.
(Continued)
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CQUAD4 (Cont.)
4. The continuation card is optional. If it is not supplied, then Tl through T4 will
be set equal to the value of T on the PSHELL data card.
5. Stresses are output in the element coordinate system.
A-8
Input Data Card PSHELL Shell Element Property
Description: Defines the membrane, bending, transverse shear, and coupling properties of thin
shell elements.
Format and Example:
1 2 10
Field
PID
MIDI
T
MID2
L2I/T3
MI03
TS/T
NSM
Z1.Z2
MID4
PSHELL PID MIDI T MID 2 12I/T3 MI03 TS/T NSM
PSHELL 203 204 1.90 205 1.2 206 0.8 6.32 BCD
Zl Z2 MID4
*CD + .95 -.95
Contents
Property Identification number (Integer > 0)
Material Identification number for membrane (Integer > 0 or blank)
Default value for membrane thickness (Real)
Material identification riumber for bending (Integer > 0 or blank)
Bending stiffness parameter (Real or blank, default - 1.0)
Material Identification number for transverse shear (Integer > 0 or blank)
Transverse shear thickness divided by membrane thickness (Real or blank, default
.833333)
Nonstructural mass per unit area (Real)
Fiber distances for stress computation. The positive direction 1s determined by the
rfghthand rule and the order 1n which the grid points are listed on the connection
card. (Real or blank, defaults are -1/2 T for Zl and 1/2 T for Z2.)
Material Identification number for membrane-bending coupling (Integer > 0 or blank).
Remarks: 1. All PSHELL property cards must have unique Identification numbers.
2. The structural mass 1s computed from the density using the membrane thickness and
membrane material properties.
3. The results of leaving an MID field blank are:
MIDI No membrane or coupling stiffness.
MID2 No bending, coupling, or transverse shear stiffness.
MID3 No transverse shear flexibility.
MID4 No bendl ng-membrane coupling.
(Continued)
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4. The continuation card 1s not required.
5. The structural damping (for dynamics rigid formats) uses the values defined for the
MIDI material.
6. The MID4 field should be left blank 1f the material properties are symmetric with
respect to the middle surface of the shell.
7. This card 1s used In connection with the CTRIA3, CQUAD4 and CQUA08 cards.
A-10
Input Data Card CTRIA3 Triangular Element Connection
Description: Defines a triangular plate element (TRIA3) of the structural model. This 1s an
isoparametric membrane-bending element.
Format and Example:
1 2 3 4 5 6 7 8 9 10
CTRIA3 EID PID Gl G2 G3 e
CTRIA3 111 203 31 74 75 3.0 ABC
Tl T2 T3 ><<"><C'l><]
+BC 1.77 2.04 2.09
Field Contents
EID Element identification number (Unique integer > 0)
PID Identification number of a PSHELL or PC0MP property card (Integer > 0 or blank,
default is EID)
G1.G2.G3 Grid point identification numbers of connection points (Integers > 0, all unique)
e Material property orientation angle In degrees (Real). The sketch below gives the
sign convention for TH.
T1.T2.T3 Membrane thickness of element at grid points Gl, G2, and G3 (Real or blank, see
PSHELL for default)
material
element
Remarks: 1. Element identification numbers must be unique with respect to ^H other e1ement
identification numbers.
2 The continuation card is optional. If 1t is not supplied,
then Tl through T3 will
be set equal to the value of T on the PSHELL or PC0MP data card.
A -11
Input Data Card C0NM2 Concentrated Mass Element Connection, Rigid Body Form
Description: Defines a concentrated mass at a grid point of the structural model.
Format and Example:
1 2 3 4 5 6 7 8 9 10
C0NM2 EID G CID M XI X2 X3
C0NM2 2 15 6 49.7 123
111 121 122 131 132 133
+23 16.2 16.2 7.8
Field
EIO
G
CIO
M
X1.X2.X3
Contents
Element Identification number (Integer > 0)
Grid point identification number (Integer > 0)
Coordinate system identification number (Integer > 0). A CID of -1 (Integer)
allows the user to input XI, X2, X3 as the center'of gravity location 1n the
basic coordinate system.
Mass value (Real)
Offset distances from the grid point to the center of gravity of the mass 1n
the coordinate system defined in field 4, unless CID - -1, in which case XI,
X2, X3 are the coordinates of the center of gravity of the mass 1n the basic
coordinate system (Real).
Mass moments of inertia measured at the mass e.g. In coordinate system
defined by field 4- (Real). If CID - -1, the basic coordinate system 1s
Implied.
Remarks: 1. Element identification numbers must be unique with respect to aJJ_ other
element identification numbers.
2. For a more general means of defining concentrated mass at grid points, see
C0NM1 .
3. The continuation card may be omitted.
4 If CID - -1, offsets are Internally computed as the difference between the grid
point location and XI, X2, X3. The grid point locations may be defined 1n a
nonbaslc coordinate system. In this case, the values of 11 j must be in a
coordinate system that parallels the basic coordinate system.
5. The form of the Inertia matrix about Its e.g. is taken as:
M
M SYM.
M
111
-121 122
-131 -132 133
(Continued)
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where M /pdV
111 - /p(x| + x|)dV
122 - /p(x* ? x*)dV
133 - /p(x| ? x|)dY
121 /px1x2dV
131 - /px1x3<JV
132 - Jpx2x3dV
and xj, %2, X3 are components of distance from the e.g. 1n the coordinate system defined
1n Field 4. The negative signs for the off-diagonal terms are supplied by the program.
A warning message is Issued 1f the Inertia matrix 1s non-pos1t1ve definite, as this may
cause fatal errors In dynamic analysis modules.
A-13
Input Data Cart RBE3 Rigid Body Element, Form 3
Description: Defines the motion at a "reference" grid point as the weighted average of the motions
at a set of other grid points.
Format and Example:
1 2 3 4 5 6 7 8 9 10
RBE3 EID REFGRIO REFC WT1 CI Gl.l R1.P
RBE3 14 100 1234 1.0 123 1 * AF
Gl ,3 WTZ C2 G2.1 G2,2 WT3 r.3
+E 5 4.7 1 2 4 6 5.2 ? AF
G3.1 _ ;VT4 C4 G4,l G4.2
+F 7 8 5.1 1 15 16 AG
"UM" j GM1 on GM2 CM2 GM3 CM3
+G UM 100 14 5 3 7 2
XI GM4 cjw GMS CM5 GM6 016 X
Field
EID
REFGRID
REFC
WT1
C1
GU
UM
GM,
CM.
Contents
Identification number. Unique with respect to other rigid elements
(Integer > 0)
Reference grid point (Integer > 0)
Global Components of motion whos** values will be computed at the reference
grid point. Any of the digits 1, 2 6 with no imbedded blanks
(integer > 0).
Weighting factor for components of motion on the following card at grid
points G^ j. (Real)
Global components of motion which have weighting factor WT, at grid points
G. ,. Any of the digits 1. 2 6 with no imbedded blanks
(1nteger> 0).
Grid point whose components C1 have weighting factor WT1 1n the averaging
equations (Integer > 0)
(Optional) BCD data word which Indicates the start of the data set belonging
to {u }. The OEFAULT 1s that all of the components 1n REFC at the referenci
grid Point, and no others, will be placed in {umh
Grid points with components 1n {um} (Integer >0).
Components of motion at GM. 1n {ura}. Any of the digits 1,2 6 with
no imbedded blanks (Integer > 0).
Remarks:
1. Blank spaces may be left at the end of a S1tj sequence.
(Continued)
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2. The default for UM should be used except in cases where the user wishes to include some
or all REFC components 1n displacement sets exclusive from the {uj set. If the default
1s not used for UM:
a. The total number of components 1n {uj (I.e., the total number of dependent degrees
of freedom defined by the element) must be equal to the number of components 1n
REFC (four components 1n the example).
b. The components in UN must be a subset of the components mentioned in REFC and
c. The coefficient matrix [R,,,] 1n the constraints equation CR(J{ura} + [Rn]{un> - 0
must be nonsingular.
3. Dependent degrees of freedom assigned by one rigid element may not also be assigned
dependent by another rigid element or by a multi-point constraint.
4. Rigid elements unlike MPC's are not selected through Case Control Deck.
5. Forces of constraint are not recovered.
6. Rigid elements are ignored 1n heat transfer problems.
7. The m-set coordinates specified on this card may not be soecified on other -cards that
define mutually exclusive sets.
8. All element Identification numbers must be unique.
A-15
Input Data Cart RBE2 Rigid Body Element , Form 2
Description: Defines a rigid body whose Independent degrees of freedom are specified at a
single grid point and whose dependent degrees of freedom are specified at an arbitrary number of
grid points.
Format and Example
1 2 3 4 5 6 7 8 9 10
RBE2 | EID | GN CM GM1 -3M2 3M3 GM4 GM5
RBE2 | 9 8 12 10 12 1* 15 16 AE
GM6 GM7 un8 etc.
+E 20
Field Contents
EID Identification number of rigid element.
GN The grid point to which all six Independent degrees of freedom for the element
are assigned (Integer > 0).
CM Component number of the dependent degrees of freedom 1n the global coordinate
systan at grid points GM1 , GM2, etc. The components are indicated by any of
the digits 1 - 6 with no imbedded blanks (Integer > 0).
GM1, GM2, etc. Grid points at which dependent degrees of freedom are assigned.
Remarks: 1. The components Indicated by CM are made dependent (members of the {u^ set) at all
grid points, GM1.
2. Dependent degrees of freedom assigned by one rigid element may not also be
assigned
dependent by another rigid element or by a multipoint constraint.
3. Element Identification numbers must be unique.
4. Rigid elements, unlike MPC's, are not selected through the
Case Control Deck.
5. Forces of constraint are not recovered.
6. Rigid elements are Ignored 1n heat transfer
problems.
7. See Section 2.5.4 for a discussion of rigid
elements.
8 The m-set coordinates specified on this
card may not be specified on other cards
that define mutually exclusive sets.
A-16
Input Data Card MAT! Material Property Definition, Form 1
Description: Oeflnes the material properties for linear, temperature-Independent, Isotropic
materials.
r
Format and Example:
1 2 10
MAT1 MIO E G NU RH0 A TREF GE
MAT1 17 3.+7 1.9+7 4.28 6.5-6 5.37+2 0.23 ABC
ST SC SS MCSIO
?BC 20.+4 15 .+4 12.+4 1003
field Contents
MID Material Identification number (Integer > 0)
E Young's modulus (Real or blank)
G Shear modulus (Real or blank)
NU Polsson's ratio (-1.0 < Real 0.5 or blank)
RH0 Mass density (Real)
A Thermal expansion coefficient (Real)
TREF Thermal expansion reference temperature (Real)
GE Structural element damping coefficient (Real)
ST.SC.SS Stress limits for tension, compression, and shear (Real). (Used only to compute
margins of safety In certain elements; they have no effect on the computational
procedures.)
MCSIO Material Coordinate System Identification number (Integer >_ 0 or blank)
Remarks; 1. Either E or G must be specified (I.e., nonblank).
2. If any one of E, G, or NU 1s blank, 1t will be computed to satisfy the Identity
E - 2(1+NU)G; otherwise, values supplied by the user will be used. This calculation
Is only made for initial values of E, G, and NU.
3. The material Identification number must be unique for all MAT1, MAT2, MAT3 and MAT9
cards.
4. MAT1 materials may be made temperature dependent by use of the MATTl cart.
5. The mass density, RH0, will be used to automatically compute mass for all structural
elements.
6. If E and NU or G and NU are both blank, they will both be given the value 0.0.
(Continued)
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7. Weight density may be used 1n field 6 If the value 1/g Is entered on the PARAM cart
WTMASS, where 9 1s the acceleration of gravity (see p. 11-7).
8. MCSID must be nonzero 1f the CURV module 1s used to calculate stresses or strains at
grid points.
9. To obtain the damping coefficient, GE, multiply the critical damping ratio C/CQ, by
2.0.
A-18
Input Data Card ASET Selected Coordinates for the a-set
Description: Defines coordinates (degrees of freedom) that the user desires to place in the
analysis set. Used to define the number of independent degrees of freedom.
Format and Example:
1 2 3 4 5 6 7 8 9 10
ASET ID C ID C ID C ID C
ASET 16 2 23 3516 1 4
Field Contents
ID Grid or scalar point identification number (Integer > 0).
C Component number, zero or blank for scalar points, any unique combinations of the
digits 1-6 for grid points.
Remarks: 1. Coordinates specified on this card form members of a mutually exclusive set
*~
may not be specified on other cards that define mutually exclusive sets.
They
2. As many as 24 coordinates may be placed in the analysis set by a single card.
3. When ASET and/or ASET1 cards are present, all degrees of freedom not otherwise con
strained will be placed in the o-set.
4. Continuation cards are not allowed.
A-19
Input Data Card ASET1 Selected Coordinates for the a-set, Alternate Form
Description: Defines coordinates (degrees of freedom) that the user desires to place 1n the
analysis set. Used to define the number of independent degrees of freedom.
Format and Example:
1 2 3 4 5 6 7 8 9 10
ASET! C G G G G G G ft
ASET! 345 2 1 3 10 9 6 5 ABC
+bc G G G etc
+BC 7 8 etc
Alternate Form
1 2 3 4 5 6 7 a 9 10
ASET1 C ID1 "THRU- ID2- !
ASETI 123456 7 THRU 109
Field Contents
C Component number (any mw'que combination of the digits 1-6 (with no Imbedded blanks)
when point identification numbers are grid points; must be null or zero if point
identification numbers are scalar points).
G.ID1.ID2 Grid or scalar point identification numbers (Integer > 0, 101 < ID2).
Remarks: 1. Coordinates specified on this card form members of a set that is exclusive f*om other
sets defined by bulk data cards.
2. When ASET and/or ASETI cards are present, all degrees of freedom not otherwise con
strained will be placed in the o-set.
3. If the alternate form 1s used, all points 1n the sequence ID1 thru ID2 are not re
quired to exist, but there must be at least one degree of freedom in the a-set for
the model, or a fatal error will result. Any points implied in the THRU
that do not exist will collectively produce a warning message but will otherwise be
ignored.
A-20
Input Data Card DYNRED Dynamic Reduction Data
Description: Defines data needed to perform dynamic reduction
Format and Example:
1 2 3 4 5 6 7 8 9 10
DYNRED SID FMAX NIRV NIT IDIR NQDES
DYNRED 2 20.0
Field
SID
FMAX
NIRV
NIT
IDIR
NQDES
Contents
Set Identification number (Unique Integer > 0)
Highest frequency of Interest (cycles per unit time)(Real > 0.)
Number of initial random vectors (Integer >_ 0 or blank) Default 6
Number of iterations (100 2. Integer > or blank) Default 10
Integer used to select starting point to generate initial random vectors (any of
the integers 0 thru ? or blank)
Number of generalized coordinates to be used on present computation (Integer 0 or
blank). If 0 (zero) or blank, the autoselection feature of Remark 4 1s used.
t
Remarks: 1. Dynamic reduction uses generalized coordinates to approximate the v-set ("free to
'
vibrate") degrees of freedom. This set is the combination of the o-, c-, and
-
are approximate eigenvectors, with the b-set
The
Dynamic reduction data must be selected in the Case Control Deck (DYNRED=SID) to be
used by MSC/NASTRAN.
FMAX is needed to assist the program in selecting a good set of vectors
for the
generalized coordinates. The intention is to represent all modes below
FMAX
accurately. Do t_ select FMAX larger than necessary.
It is recommended that the number of generalized coordinates
be 1.5 times the
number of vibration modes whose natural frequency is below FMAX. Two rethods
of
selecting this number are provided.
If NODES > 0. the number is set by NQDES. NQDES must be equal to
or less than N
the number of degrees of freedom in the q-set.
The remaining degrees of freedofl
(N -NODES) in number, are removed
prior to eigensolutions. and given null
dilplacements in the eigenvector matrix. In the
direct forced response rigid
formes uncoupled unit spring
coefficients are placed on the unused degrees of
freedom.
(Continued)
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5.
If NQDES is 0 or blank ("autoselectlon") the number of generalized coordinates
required is determined by the program from FMAX. using a Sturm sequencetecnnique. If the number required is greater than N a fatal error results. If
it is equa.1. to or less than N , any unused degrees oT freedom are disposed of as
described above. This 1s the recommended method.
Approximate natural frequencies, eigenvectors, and the scalar Identification number
of the generalized coordinates are output 1f requested by PARAM, PRPHIVZ.
The user may also Include physical degrees of freedom 1n the a-set by use of the
following cards. See Section 1.4 for a description of these sets, and default
actions 1f they are not used.
Card Names
Non-superelement or
residual structure Superelement
BSET1 SEBSET1
CSET1 SECSET1
SUP0RT SESUP
Function
Fixed 1n approximate eigenvectors
Free 1n approximate eigenvectors
Reference points for rigid-body
modes. Free 1n approximate
eigenvectors.
(Superelements) Dynamic reduction may be applied to both superelements and the
residual structure. Generalized coordinates are defined on SP0INT bulk data cards,
and attached to superelements with SEQSETi bulk data cards. They are automatically
members of the residual structure, also.
(Nonsuperelements or residual structure) Generalized coordinates must be defined
on SP0INT bulk data cards, and be placed on ASET1 and QSET1 bulk data cards.
Generalized coordinates of the superelements may be processed 1n two different ways
in the residual structure. If placed on ASETi cards they are regarded as dynamic
variables. If placed on selected SPC1 cards they are in effect removed from the
model. This 1s useful for eliminating generalized coordinates with implausibly
high natural frequencies whose eigenvectors tend to be numerical noise, or for non
essential modes.
If the default for IDIR is taken (0 or blank), the initial random vectors will be
Identical for solutions with the same number of generalized coordinates and the
same values of NIRV and NIT. Other values of IDIR may be used to check the
sensitivity of the solution to the random selection of initial vectors.
Field 9 was used to request autoselection prior to MSC/61. For reasons of upward
compatibility, data may be placed in this field, but 1t is ignored.
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Input Data Card QSET Generalized Coordinate for Dynamic Reduction and Component Modal Synthesis
Description: Places generalized coordinates to be used for dynamic reduction in the q-set
Format and Example:
1 2 3 4 5 6 7 8 9 10
QSET ID C ID C ID C ID C
QSET 15 123456 1 7 9 2 105 6
Field
ID
C
Contents
Identification number for superelement (Integer > 0)
Component number (any unique combination of the digits 1-6 (with no imbedded
blanks) when point identification numbers are grid points; must be null if point
identification numbers are scalar points).
Remarks: 1. Coordinates specified on this card form members of a mutually exclusive set. They
may not be specified on other cards that define mutually
exclusive sets. See
Section 1.4.1 for a list of these cards.
2. Continuation cards are not allowed.
3. If a q-set exists, the o-set must also exist. Except for the
residual structure,
the o-set is always present in superelement analysis. In the
residual structure.
an o-set can be created by placing some degrees of freedom in the a-set using ASETi
cards. The remainder of the f-set will go to the o-set. If no
physical a-set
points are desired, a disjoint grid point can be added and placed in the
a-set.
This disjoint point will be eliminated by the auto-omit feature.
4 For use with component modal synthesis, these degrees of
freedom will represent the
generalized displacements of the user-supplied modes. The size
of this set must
equal the number of the user-supplied modes.
5. Modal masses, stiffness, damping and loads may be
defined directly on these
coordinates via CELASi, etc. data cards.
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Input Data Card QSET1 Generalized Coordinate for Dynamic Reduction and Component Modal
Synthesis
Description: Places generalized coordinates to be used for dynamic reduction in the q-set
Format and Example:
1 2 10
QSET1 C Gl G2 G3 G4 G5 G6 G7
QSET1 123456 1 7 9 22 105 6 22 +ABC
G8 G9 -etc-
+ABC 52 53
Alternate Form
QSET1 C GID1 THRU" GID2
QSET1 0 101 THRU 110
Field Contents
C Component number (any unique combination of the digits 1-6 (with no imbedded
blanks) when point identification numbers are grid points; must be null if point
identification numbers are scalar points).
Gj.GID; Grid or scalar point identification number (Integer > 0)
Remarks: 1. Coordinates specified on this card form members of a mutually exclusive set. They
~ "
may not be specified on other cards that define mutually exclusive sets. See
Section 1.4.1 for a list of these cards.
2. If a q-set exists, the o-set must also exist. Except for the residual structure,
the o-set is always present in superelement analysis. In the residual structure,
an o-set can be created by placing some degrees of freedom in the a-set using ASETi
cards. The remainder of the f-set will go to the o-set. If no physical a-set
points are desired, a disjoint grid point can be added and placed in the a-set.
This disjoint point will be eliminated by the auto-omit feature.
3. For use with component modal synthesis, these degrees of freedom will represent the
generalized displacements of the user supplied modes. The size of this set must
equal the number of the user-supplied modes.
4. Modal masses, stiffnesses, damping and loads may be defined directly on these
coordinates via CELASi, etc. data cards.
A -24
Input Data Card SUPORT Fictitious Support
Description: Defines coordinates at which the user desires determinate reactions to be applied to
a free body during analysis
Format and Example:
1 2 3 4 5 6 7 8 9 10
SUP0RT ID C ID C ID C ID C
SUPJRT 16 215
Field
ID
C
Contents
Grid or scalar point identification number (Integer > 0)
Component number (zero or blank for scalar points; any unique combination of the
digits 1-6 for grid points)
Remarks: 1. Coordinates specified on this card form members of a mutually exclusive set. They
'
may not be specified on other cards that define mutually exclusive sets. See
Section 1.4.1 for a list of these cards.
2. From one to twenty-four support coordinates may be defined on a single card.
3. See Section 3.5.3 of The NASTRAN Theoretical Manual for a discussion of supported
coordinates (members of the r-set).
4. Continuation cards are not allowed.
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Input flata Card EIGR Real Eigenvalue Extraction Data
Description: Defines data needed to perform real eigenvalue analysis
Format and Example:
1 2
Field
SID
METHOD
F1.F2
NE
ND
NORM
10
EIGR SID METHOD Fl F2 NE ND E
EIGR 13 INV 1.9 15.6 10 12 1.-6 ABC
NORM G C
+BC POINT 32 4
Contents
Set identification number (Unique Integer > 0)
Method of eigenvalue extraction, one of the BCD values.
"INV." "GIV,"
or "MGIV
INV - Inverse power method, symmetric matrix operations
GIV - Givens' method of trldlagonalization
MGIV - Modified Givens' method
Frequency range of Interest (Real 2.0-0; Fl < F2).
(Required for METHOD - "INV"). For GIV and MGIV, frequency range in which
eigenvectors will be computed, except 1f ND > 0, 1n which case the eigenvectors for
the first ND positive roots are computed).
Estimate of number of roots in range (Required for METHOD = "INV"). (Integer > 0).
Desired number of roots (eigenvalues and eigenvectors) for "METHOD
-
"INV"
(Integer > 0). Desired number of eigenvectors for METHOD -
"GIV"
and "MGIV
(Default 1s 3 NE) (Integer >. 0).
Mass orthogonality test parameter (Default 1s l.E-10) (Real > 0.0). Nonzero values
are also used for convergence in "INV*. Inverse power limits
this value to
10"4 E 10-6.
Method for normalizing eigenvectors, one of the BCD values,
"MASS," "MAX"
or
"POINT"
MASS - Normalize to unit value of the generalized mass
MAX - Normalize to unit value of the largest
component in the analysis set
it value of the component defined in fields 3 and
4
POINT - Normalize to uni t n
(defaults to
"MAX" if defined component is zero)
(Continued)
A-26
EIGR (Cont.)
G Grid or scalar point identification number (Required if and only If NORM - "POINT")
(Integer >_ 0)
C Component number (One of the integers 1-6) (Required 1f and only 1f NORM "POINT")
and G 1s a geometric grid point)
Remarks: 1. See Section 10.1 of the Theoretical Manual for a discussion of method selection.
2. Real eigenvalue extraction data sets must be selected in the Case Control Deck
(METHOD = SID) to be used by MSC/NASTRAN.
3. The units of Fl and F2 are cycles per unit time.
4. The continuation card 1s required.
5. If METHOD - "GIV or "MGIV," all eigenvalues are found.
6. If METHOD - "GIV," the mass matrix for the analysis set must be positive
definite. This means that all degrees of freedom, Including rotations, must have
mass properties. (/MIT cards may be used to remove massless degrees of freedom.
7. A nonzero value of E 1n field 9 also modifies the convergence criteria. See
Sections 10.3.6 and 10.4.2.2 of the Theoretical Manual for a discussion of
convergence criteria.
8. If NORM * MAX, components that are not 1n the analysis set may have values larger
than unity.
9. If NORM * POINT, the selected component rmst be 1n the analysis set.
10. The desired number of roots (ND) includes all roots previously found, such as rigid
body modes determined with the use of the SUPORT card, or the number of roots found
on the previous run when restarting and APPENDing the eigenvector file.
11. MGIV is a modified form of the
Givens'
method that allows a non-positive definite
mass matrix for the analysis set (i.e., massless degrees of freedom may exist in
the analysis set). The MGIV method should give improved accuracy for the lowest
frequency solutions.
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APPENDIX B
NASTRAN Data Set for Disk Drive
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APPENDIX C
Experimental Mode Shapes
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APPENDIX D
NASTRAN Mode Shapes
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